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PREFACE 

TO THE FIRST EDITION 

This book is the outcome of three insistent wishes which have 
occupied the writer’s mind ever since he came under the Spell of 
the study of eruptive rocks. 

There was first the wish to clean up the jungle of rock names. 
The method of petrographers in giving names, as a great Ameri¬ 
can geologist has pointed out, has been to give an independent 
name to every rock that is a little different from any one seen 
before, without reference to any plan; a practice which has led 
to the multiplication of rock names to a degree far in excess of 
the needs of the science. The consequence is not merely that 
one cannot see the wood for the trees, but rather that one cannot 
see the trees for the brushwood. This state of affairs pleases 
nobody, yet many would rather perpetuate it than face the revolu¬ 
tion of names and terms that a new method involves. Thus a 
reformer is between the devil and the deep sea, for if he adapts 
a new system to existing names, with their connotations, it will be 
still-born, and if he introduces a new nomenclature, it will be 
stoned to death by those who feel that the burden of rock names 
is already greater than they can bear. But something must be 
done; somebody must make a move; and that is the first reason 
for this book. 

A Second wish arose out of the first. It was to make the 
results and conclusions of petrology intelligible to matter-of-fact 
people like physicists and chemists, who like to do their thinking 
in quantitative terms, and who are apt to listen with indifference 
to the assertions of “ affinity ” and “ consanguinity ’* that under¬ 
lie so many petrographic contentions. Petrology needs all the 
help that chemistry can give it; but before they look for help, 
petrographers must learn to express their problems in terms that 
a chemist can understand. That means that they must pay more 
attention than has been their habit to the chemical resemblances 
and differences between rocks, and above all, that they must give 
a quantitative meaning to the terms they use. To make a step 
in this direction is the second reason for this book. 

Thirdly, it has been the writer’s wish to bring theory and 
practice together, and to save petrology from the reproach of 
being an academic study, of little use in life. Petrology and 
mineralogy owe much to mining, and should give Something in 
return. A rational system of petrology, that is neither too vague 
nor too difficult to understand, is a gift that ‘the miner and all 
who are interested in the mineral industries would not fail to 
appreciate. On the other hand, the petrologist who turns his 
attention to the study of ore-deposits will find it a rare source of 
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information and inspiration. To show that the miner and the 
petrologist have need of each other’s help is the third reason 
for this book. 

In the matter of terminology and nomenclature, the writer 
has gone his own way, guided by the general principles that 
names should be as‘ few as possible, that the simplest terms are 
the best, and that when an English term can be used without 
obscurity, it should be preferred to a Latin or Greek one. In 
view of the repugnance which a new set of names would arouse, 
he has used only well-known names of wide implication. These 
have been redefined, but it will be found that the new definition 
contains the kernel of the old one in every case. To define afresh 
all the varietal names that are in use would be an impossible task, 
even if it were desirable or legitimate. Better to let them all 
die out; and to introduce new ones from time to time, as the need 
for further subdivision is felt; so the names will arise out of the 
classification, as they ought to do, instead of the classification 
growing round the names. 


PREFACE 

TO THE THIRD EDITION 

In preparing a third edition of Eruptive Rocks, the writer has taken 
the opportunity of reintroducing a discussion of the link between 
eruptive rocks and ore-deposits. This formed the subject of a 
chapter in the first edition of the book, but it was omitted from the 
second edition. Certain aspects of the matter, which seemed quite 
clear in 1926, no longer seem so in 1946; so the discussion has 
spread itself over three chapters instead of the original one. The 
increase does not so much express new knowledge as new doubts 
and difficulties; but that is the way of science. 

The other chapters have been shaken up, and a certain amount 
of new matter has been introduced. The four chapters of modal 
analyses of rocks, which are Intended to illustrate the writer’s 
system of classification, have been removed to the end of the book, 
where they form Part II. It is hoped that this rearrangement will 
make Part I more readable and Part II more accessible. 

The writer expresses his thanks to many friends, colleagues 
and reviewers for criticism which was always welcome and helpful, 
even when he found himself unable to agree with it. It may not be 
amiss to refer future readers to a paper entitled “ The Species Con¬ 
cept in Petrology which summarizes the writer’s attitude toward 
the basic problem of our science. A reader who cannot share the 
viewpoint indicated in that paper will find little to please him in this 
book. 

1 American Journal of Science, vol. 242, 1844, p. 46. 
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// a man will begin with certainties» he shall end in 
doubts; but if he will be content to begin with doubts, 
he shall end in certainties, —Fkancis Bacon. 


PART I 

CHAPTER I 

ERUPTIVE OR IGNEOUS ROCKS 

Petrology begins with the examination, description and 
classification of the kinds of rock that form what we call “ the 
crust of the earth,” but it does not end there. The philo¬ 
sophical aim of the study, which is too often overlooked, 
is to discover the chemical composition of the matter beneath 
the crust, to throw light upK>n the physical conditions that 
prevail there, and to investigate the physical and chemical 
changes that take place during the formation of rocks. Physi¬ 
cists may weigh the earth, geodesists find its form and volume, 
astronomers record its movements, and seismologists study its 
elasticity, while philosophical geologists build theories of the 
earth upon these data; but the petrographer alone has tangible 
evidence of what lies beneath the crust. It is presented to him 
by his own planet in the form of plugs and tongues of eruptive 
rock that have come up from the depths, and by mineral veins. 
It is presented to him by other members of the solar system in 
the form of meteorites. No theory of the earth or of the solar 
system can stand that disregards the evidence of eruptive rocks 
and meteorites. And since the problem of the earth’s com¬ 
position, with which that of its genesis is bound up, surely 
overshadows all other non-organic problems, so petrology, as 
the science which contributes most directly to the solution of 
that problem, may claim a place in the front rank of the 
natural sciences. 

The practical aim of the study is also an ambitious one. 
Mineralogical and petrological research shows ever more and 
more clearly that an intimate connection exists between erup¬ 
tive rocks and mineral deposits of commercial importance. 
It is already possible to lay down some general principles in 
the matter, connecting certain minerals and certain special 
types of ore-deposition with particular groups of eruptive 
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rocks and particular types of intrusion. It is evident that well 
established generalizations of this kind may be very valuable 
in the hands of a miner or prospector who has a sufficient know¬ 
ledge of petrology to apply them correctly. There is much to 
be learned before the search for mineral deposits can be placed 
upon a sound scientific basis; but this and nothing less should 
be the aim of petrology on the practical side. 

The science of petrology is generally considered to em¬ 
brace the study of all rocks, whether eruptive or sedimentary, 
and whether affected by metamorphism or not. It is well to 
realize that this arrangement is dictated solely by convenience. 
The sedimentary rocks, having been formed by the disintegra¬ 
tion of older eruptive rocks, have about as much in common 
with the latter as sawdust has with a living tree; consequently 
the methods of study and classification which are suited to the 
two classes of rocks are quite distinct. Biology long ago 
found it necessary for its health and progress to split itself up 
into the two sciences of zoology and botany, which have their 
roots in common ground but otherwise live their lives inde¬ 
pendently ; and for the same reason there is need for petrology 
to separate its two branches which are concerned with eruptive 
and with sedimentary rocks respectively, permitting them to 
meet only in the common ground of metamorphism. 

In this volume the eruptive rocks alone are considered, 
with brief reference to the mineral deposits to which they give 
rise and the meteorites to which they are nearly related. 

We may open the discussion with the remark that the 
adjectives “Igneous” and “eruptive” are currently applied 
to rocks as if they were synonymous.' Are all eruptive rocks 
igneous, using that word in the fullest sense which is war¬ 
ranted by its derivation from ignis, fire ? It is true that in the 
case of lava discharged by an active volcano, we have the 
evidence of our senses to assure us of its “ fiery ” or molten 
origin. But this evidence is lacking in respect of other rocks 
such as granite and syenite, because these rocks are formed 

1 The term roches irufiives was used by Elie de Beaumont in 1847, and 
Eruptivgesteine by Bernhard von Cotta in 1865. These terms imply a 
breakine-out, not necessarily to the surface of the earth, but from lower to 
higher levels in the earth-crust. Von Cotta made a distinction between 
Plutonic eruptive rocks and volcanic eruptive rocks. 
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deep down in the crust of the earth, and they only become 
accessible to our observation after ages of denudation. What 
justification is there for putting deep-seated rocks like granite 
and syenite in the same category with the really “igneous” 
lavas? This is the very question that agitated the Neptunists 
and Vulcanists of last century, and as the matter lies at the 
root of the science of petrology, we shall devote this chapter 
to its consideration. 



Fig. f. Part of the margin of the Boulder batholith, Montana. (After 
P. Billingsley.) 


The proof that granite and other deep-seated crystalline 
rocks were fluid at one time in their history is afforded by the 
manner of their occurrence in the earth’s crust. Wherever 
the junction between a mass of granite and any other rock is 
exposed to view, it is found to be a very irregular surface, often 
approaching the vertical position. In the case of the Marys¬ 
ville granite mass in Montana, the supper surface of the rock 
was thoroughly explored in mining operations, and Joseph 
Harrell reports that it was “ extremely irregular, steep or ver- 
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tical surfaces alternating with flat surfaces, giving the whole a 
rudely pyramidal form with a somewhat step-like surface, from 
which project dykes, sheets and chimneys.** 

In the neighbourhood of such a junction, the granite is 
often seen to enclose blocks of the surrounding rocks, which 
have been detached from the walls and transported towards the 
heart of the granite mass. If a series of such enclosed blocks 
is examined, from the junction inwards, one readily convinces 
oneself that the foreign rock was actually being corroded, dis¬ 
integrated, and incorporated in the granitic magma,^ and that 
the action was only stopped by the freezing of the mass. (See 
PI. III., p. 102.) From such a junction, too, the granite com¬ 
monly sends offshoots in among the country rocks, either in 
the form of sheets which follow the bedding planes of the 
country rocks, or of dykes which cut across these planes, or 
of thin veins that penetrate the most minute cracks. Or, in¬ 
stead of a regular injection of magma into fissures, the country 
rock may present the appearance of having soaked up the 
magma much as a sponge soaks up water, so that the product 
is charged with feldspar and other minerals apparently derived 
from the granite magma. The evidence of fluidity on the part 
of the magma, which is presented by contact phenomena such 
as these, seems to be incontrovertible. 

The proof of fluidity, however, does not carry with it that 
of high temperature. It is true that no solvent is known 
which will dissolve and deposit appreciable quantities of 


1 The Greek word ** magma ” has the meaning of a plastic mass, or a paste 
of solid and liquid matter. The word has long been used in pharmacy 
(as in ** magnesia magma ’’ or milk of magnesia) and it passed in the 18th 
century from pharmacy into chemistry. Thorpe’s Dictionary of AfflieU 
Chemistry (1922) gives the definition, “ a pasty or semifluid mixture.” 
From chemistry this word passed into petrology, replacing the older term 
” subterraneous lava.” G. Poulett Scrope wrote in 1872 that ” lava is 
not a homogeneous molecular liquid, but ... a magma, or compound of 
crystalline or granular particles to which a certain mobility is given by 
an interstitial fluid.” With the develooment of petrology the emphasis has 
shifted from the presence of crystalline particles to the liquid. Since 
some lavas are completely free from crystals, and others contain 
abundant crystals while they are still flowing, a modern definition of 
rock-magma must be independent of the presence or absence of crystals. 
We mieht say that ” rock-magma is the wholly or partly liquid material 
from which eruptive rocks are formed.” But there is a significant differ¬ 
ence between magma-without-crystals and magma-with-crystals, because the 
former may be superheated whereas the latter can never be so. 
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quartz, feldspar and mica at ordinary temperatures; yet many 
instances can be named in which crystals of quartz and feld¬ 
spar have been formed in rocks without the aid of heat. Such 
are the veins and pockets of rock crystal which one often finds 
in sandstones and limestones. In certain cases, feldspar and 
quartz have been formed in unconsolidated deposits on the 
ocean bottom, under circumstances which seem to preclude the 
operation of any higher temperature than that of sea water. 
Many substances which are incapable of true solution may 
form colloidal suspensions (sols) which serve equally well as 
media for transport and deposition, and which require no very 
high temperature for their formation. The hydrothermal solu¬ 
bility of silica has been found by G. C. Kennedy to be only 
0.2% at 360°; but silica sols have been prepared in the labora¬ 
tory which hold as much as ten per cent, of silica; they soon 
gelatinize, but weaker sols are more stable. From such a sol, 
gelatinous silica is deposited which may turn into opal, chalce¬ 
dony, and eventually into quartz. 

That water is actually present during the crystallization of 
granite, and still more of vein-quartz, is abundantly proved. 
It has long been known that quartz crystals often contain 
drops of liquid, and gas bubbles, and the investigations of 
Brewster, Humphrey Davy, Hartley and many later workers 
have shown that the liquid is just salt water. Although the 
cavities in which the fluid is found are generally very small, 
often no more than one ten-thousandth of an inch in diameter, 
yet their combined volume is considerable. The following cal¬ 
culation is due to A. A. Julien :— 

** In the quartz of Cornish granites the. cavities sometimes make up 
at least five per cent of its volume, and the water in them, on an aver¬ 
age, about one per cent of Its volume, or four-tenths of one per cent 
of its weight. As the quartz grains in a granite or in gneiss rarely 
amount to less than fifty per cent of the whole rock, it is probable that 
the liquid contents of such a granite commonly reach as much as one- 
fifth of one per cent.; i.e. about four pounds of liquid to a ton of rock.** 

It is hardly possible to doubt that the water and the dis¬ 
solved salt were actually present in the magma from which the 
quartz crystallized. Quartz crystals are almost devoid of 
cleavage, and except by way of cleavage planes or other cracks 
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the liquid could not have got into the crystals after they were 
full grown. And if it could enter by way of minute cracks, 
it could escape by the same way; yet the contents of the cavities 
are sometimes found to be under pressure; indeed some of 
them contain, instead of water, liquid carbon dioxide, which 
at its critical temperature of 31° C. requires a pressure of 73 
atmospheres to keep it liquid. Other minerals besides quartz 
show such enclosures, notably topaz, and in general it is the 
minerals which were last to crystallize from the magma that 
are richest in fluid enclosures, indicating that the residual 
magma was progressively enriched with water and gas as 
crystallization advanced. 

An important investigation of the enclosures in the 
minerals of eruptive rocks was carried out by Henry Clifton 
Sorby, who was the first to apply to the study of rocks the 
method of preparing thin sections by grinding, which had been 
developed by William Nicol about 1830. Sorby showed that 
in the minerals of granites the enclosures are mostly of liquid 
or gas, but that in lavas there are present similar cavities which 
contain glass instead of fluid. In some cases, owing to the 
glass having become minutely crystalline, the cavities contain 
an exceedingly fine-grained stony material. Between rocks 
which showed glass enclosures only, and others which showed 
liquid enclosures only, a connecting link was found in certain 
rocks which hold enclosures of both kinds; this condition 
Sorby observed in the “trachyte” of Ponza, and in some 
Cornish granites and granitic dykes. F. Zirkel afterwards 
recorded similar phenomena in leucite crystals, the same cavity 
sometimes holding both glass and liquid. 

The main conclusions to which Sorby was led by his dis¬ 
coveries are given here, in his own words : — 

“ On the whole, then, the microscopical structure of the constituent 
minerals of granite is in every respect analogous to that of those formed 
at great depth and ejected by modern volcanoes, or that of the quartz 
in the trachyte of Ponza, as though granite had been formed under 
similar physical conditions, combining at once both igneous fusion, 
aqueous solution and gaseous sublimation. The proof of the operation 
of water is quite as strong as that of heat; and in fact I must admit 
that in the case of coarse-grained, highly quartzose granites there is so 
very little evidence of igneous fusion, and such overwhelming proof of 
the action of water, that it is impossible to draw a line between them and 
those veins, where, in all probability, mica, felspar, and quartz have been 
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deposited from solution in water, without there being any definite, 
genuine igneous fusion like that in the case of furnace slags or erupted 
lavas. There is, therefore, in the microscopical structures, a most com¬ 
plete and gradual passage from granite to simple quartz veins.” 

‘‘ With respect, then, to minerals and rocks formed at a high tem¬ 
perature, my chief conclusions are as follows. At one end of the chain 
are eruptive lavas, indicating as perfect and complete fusion as the slags 
of furnaces, and, at the other end are simple quartz veins * having a 
structure precisely analogous to that of the crystals deposited from water. 
Between these there is every connecting link, and the central link is 
granite.” 

I'he evidence, derived from tlie study of the liquids en¬ 
closed in crystals, that water actually played a part in the 
magma from which granite consolidated, is confirmed by 
many field observations. Near any great granite intrusion it 
nearly always happens that dykes and veins of the eruptive 
rock are thrust out into the country rock, often to considerable 
distances. Even commoner than these dykes arc seams of pure 
white quartz, whicli on account of their composition and 
structure have always been assumed to be of aqueous origin. 
But it is sometimes possible to follow a single dyke from its 
point of origin on the edge of the granite mass to a position 
where, by gradual loss of feldspar and mica, it passes without 
any lack of continuity into a quartz vein. In illustration of 
this highly important observation we select the description by 
C. R. van Hise of the granite dykes of the Black Hills in 
South Dakota. 

” The core rock is a great batholith of granite, 7 miles broad and 
11 miles long. . . . From the central mass great quartz-feldspar dikes 
radiate. In passing away from the core the dikes become smaller and 
have a less typical form. At the same time the material assumes the 
appearance which we ordinarily denominate as pegmatitic. These veins 
might be considered true igneous injections. Passing still further away, 
the pegmatitic masses begin to have vein-like characters—that is, theit 
is a rough concentration of the material in different layers, j^arallel to 
the walls. In going still further away a true banded vein struccure is 
found. In passing yet further away, feldspar becomes less and less im- 
j)ortant in the veins and the quartz more abundant, until remote from the 
granite the impregnating material is mainly quartz. . . . 

If one examined only the outer zone, in which the quartz impregna¬ 
tions occur, he would not doubt that they were ordinary deposits from 
water; if he examined the masses of the inner zone, adjacei.t to the 
great granite mass, he would not doubt that they were true igneous 
injections; but passing back and forth from the one zone to the other, 
he observes that there is every gradation between the iwo.” 

Similar observations have been made in many parts of the 
world, but we can allow ourselves only one more quotation, 
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which we take from the memoir by F. D. Adams and A. E. 
Barlow on the geology of the Haliburton and Bancroft areas 
in Ontario:— 

“ The pegmatites are prevailingly rich in feldspar, this constituent 
largely preaominating over the quartz. In places, however, this latter 
constituent becomes more abundant, especially at the extremity of the 
dike where it becomes narrow. In fact, cases can be observed whore 
the feldspar is represented only by a few individuals here and there, and 
the dike develops into a mass of quartz. Such an occurrence, if seen 
alone, would undoubtedly be considered as a quartz vein, but in this 
area no genetic distinction can be drawn between the two occurrences. 
The quartz veins, in these cases at least, are merely a torin or phase of 
the pegmatite dikes.’* 

The effect of much evidence of this kind is to confirm the 
opinion that water is a normal component of granitic magma, 
and to show that the distinction between “igneous** and 
“ aqueous ** products is much less definite than it was formerly 
supposed to be. That H. C. Sorby should have formed a cor¬ 
rect opinion on this subject as long ago as 1858 is remarkable 
and shows him to be one of the greatest of the founders of 
petrology. The seal of confirmation has been placed upon 
Sorby’s view by R. W. Goranson, who has lately succeeded 
in measuring the solubility of water in molten granite. At 
the temperature of 900® C., and under a pressure equal to a 
depth of fifteen kilometres in the earth-crust, more than nine 
per cent, by weight of water was taken into solution and was 
retained when the melt cooled down to the state of glass. 

Even lavas such as rhyolite and basalt—^the most typical 
of “igneous** rocks—^furnish evidence of the presence of 
water in the magmas from which they were derived. Many 
lavas carry minerals such as mica or zeolites, into whose com¬ 
position water or its elements enter. The more siliceous lavas 
hold biotite, from which, at a temperature of eight or nine hun¬ 
dred degrees, about five per cent of water can be extracted. 
Hornblende too gives up a little water when strongly heated. 
The less siliceous lavas often exhibit cavities lined with 
crystals of the zeolites, a group of minerals which earned their 
name (literally hoiling-stone) by giving up large quantities of 
water when gently heated. David Forbes produced before the 
Chemical Society in 1868 a specimen of the lava ejected by 
Mt. Etna during the eruption of 1865; this specimen, taken 
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while the lava was still flowing, contained crystals of stilbite, 
a zeolite holding seventeen per cent of water of crystallization. 
In recent years the work of Day, Shepherd and Jaggar in 
Hawaii has shown that water is a constant component, and by 
far the largest component, of the exhalation from the lava lake 
at Kilauea; and the weight of the evidence indicates that this 
water is of magmatic rather than meteoric origin. We shall 
return to this matter in a later chapter. 

H. C. Sorby tried to ascertain the actual freezing tem¬ 
peratures of some granites by observing the temperature at 
which the liquids, enclosed in the cavities of quartz crystals, 
completely filled these cavities. In his own words: — 

“ When crystals are formed at an elevated tempeiature, evidence 
of it is afforded by the contraction of the fluids enclosed in the cavities 
giving rise to a vacuity. . . . Since, of course, the amount of the con¬ 
traction of the fluid depends upon the height of the temperature from 
which it has cooled, the relative size of the vacuity must indicate how 
much the temperature at which the crystals were formed w-as above 
that' at which they are examined, in the same manner as the sinking of 
the mercury in a self-registering thermometer shows the difference in the 
temperature.” 

By the application of this principle, Sorby obtained re¬ 
sults ranging from 89° C., for some granites, to 356° C. for a 
quartz-bearing lava. More recent work shows that Sorby*s 
estimates were almost certainly too low, but that many of the 
coarser granite pegmatites completed their crystallization below 
575° C., and most of the quartz-bearing rocks probably below 
700° C. The truth is, however, that none of the methods yet 
employed for settling the question is quite beyond criticism, 
and all that can be said with assurance is that the granites have 
been formed at temperatures decidedly lower than the freezing 
temperature of any known lava. 

J. Clifton Ward, who applied vSorby’s methods to the 
granites of the Lake District of England, came to the con¬ 
clusion that eruptive magma may exist in two states, which he 
describes as follows: — 

” (1) That state in which igneous fusion is the most important or 
conspicuous element. This is seen in the case of lava flowing from a 
volcanic vent. 

(2) A state of aqueo-igneous fusion, occurring at a much greater 
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depth tiian the last, and reaching only a dull red heat (i.e. about 400**)^ 
as a maximum. In this state we have eveiy reason to suppose the 
granite magma to be, which may now be solidifying . . beneath our 

feet.** 

The reliability of Sorby’s ingenious method was ques¬ 
tioned by S. Allport, who pointed out that if the cavities were 
originally completely filled with liquid, and the bubbles were 
formed solely by contraction, then the ratio of size of cavity 
to size of bubble ought to be constant in any one part of the 
rock. But Allport found that this ratio was not constant, 
either in the same rock or even in the same crystals. 

Sorby’s method has lately been revived by W. H. 
Newhouse and used to determine the temperature of formation 
of ores. Newhouse shows that Sorby failed to distinguish 
between primary enclosures of liquid or gas and secondary 
enclosures due to fracturing and subsequent healing of the 
crystals at a lower temperature than that at which they were 
originally formed. This is no doubt the explanation of the 
discrepancies observed by Allport. If more care were given 
to making this distinction, it seems possible that Sorby’s 
nlethod might again be put to use to determine the tempera¬ 
ture at which the minerals of eruptive rocks crystallized. 
Newhouse has applied the method to the lead-zinc ores of the 
Mississippi valley and finds that they were formed between 
80“ and 135“ C. 

The temperature of flowing lava has been variously esti¬ 
mated at 1000“ to 1200“ C. and even higher. 'Fhe latest and 
most reliable measurements made by T. A. Jaggar at Kilauea 
show that such extremely high temperatures are only realized 
at the surface of the liquid, where escaping gas is in active 
combustion; but that the temperature of the lava below the 
surface may be 750“ to 850“ C. At this relatively low tem¬ 
perature it is likely that crystallization of the lava has already 
begun, for well-formed crystals of augite and leucite have been 
observed in perfectly fluid lava at Mount Vesuvius. 

It follows, then, that we are justified in placing granite 
and other plutonic rocks in the same category as volcanic lava 

1 This is the figure given by Ward, but Dr. R. B. Sosman informs me that 
the first visible red ” appears between 500** and 550** C., varying 
with different observers. 
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and in a different one from sedimentary rocks; but it by no 
means follows that we are justified in applying the name 
“igneous rock*” to granite and lava alike. The lavas are 
igneous rocks; so too are many of the rocks that torm dykes 
and sills, for the presence of glass in them shows that they 
have been molten. But among plutonic rocks, and particu¬ 
larly granite, the evidence for the agency of water as a con¬ 
tributory cause of fluidity is just as strong as the evidence of 
high temperature. If the term “igneous” suggests that the 
rocks to which it is applied were once in the state of anhydrous 
melts, with temperatures of 1000'* C. or more, then it is better 
to throw it over in favour of an alternative adjective such as 
eruptive or magmatic, which conveys the idea of fluidity with¬ 
out any assertion or implication about temperature. 

The foregoing summary has indicated that the long-estab¬ 
lished practice of placing the “ igneous rocks ” in one category, 
in opposition to the ” aqueous” mineral veins, requires modi¬ 
fication. Some mineral veins are closely akin to eruptive rocks, 
and ought not to be abruptly separated from them. Some 
eruptive rocks have more kinship with the contents of mineral 
veins than they have with lavas. A truer view of the relation 
of the eruptive rocks to one another, and to a certain class of 
mineral veins, is given by a continuous linear classification 
such as the following: — 


Conditions 

Temperature of consolidation high 
(Above 700'’ C.?) 

Water sparingly present 

Temperature of consolidation high to 
moderate 

(700“-500“ C.?) 

Water present in notable quantity 
Temperature of consolidation moder¬ 
ate 

(600° - 300° C.?) 

Water present up to the probable limit 
of 9% 

Temperature of consolidation low 
(Below 800° C.?) 

Hot aqueous solution 


Products 

Extrusive rocks (lavas) 


Most intrusive rocks 


Coarse-grained rocks with 
much alkali-feldspar and 
quartz or nepheline. 
Some ore bodies 

Quartz veins and many 
mineral deposits 
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Advance in science comes by laying brick upon brick, 
not by the sudden erection of fairy palaces. —J. S. Huxley. 

CHAPTER 11 

THE FIXED CONSTITUENTS OF ERUPTIVE 
ROCKS 

A REMARKABLE feature of the eruptive rocks is the small num¬ 
ber of mineral species of which they are composed. Out of 
the hundreds of silicates and aluminosilicates that are known, 
or that are theoretically possible, only a very few are common 
constituents of eruptive rocks; and among these the feldspars, 
pyroxenes, amphiboles and micas, together with quartz, pre¬ 
dominate enormously over all others. For this reason the 
investigation of an eruptive rock usually requires the deter¬ 
mination of a few silicates only, together with certain oxides, 
sulphides, phosphates and titanates which may be present in 
trifling quantities. 

This apparent simplicity is more than neutralized by the 
very complex constitution of many rock-forming silicates, and 
by the possibility of atomic substitution, or, in an earlier 
terminology, of solid solution. The concept of solid solution 
implies that there may be present, in a single crystal, molecules 
of two or more substances which are related to each other both 
chemically and crystallographically. For example, common 
olivine may be described as a solid solution of forsterite 
molecules, Mg 2 Si 04 , and fayalite molecules, Fe^SiO*; and the 
precise composition of any sample of olivine may be stated 
in terms of these two end numbers, as Fo„ Fa,.,. This con¬ 
cept and the corresponding terminology remain in general use: 
but the light thrown upon the structure of crystals by means of 
X-ray analysis has led to the adoption of a truer concept. As 
W. L. Bragg and others have shown, the silicates are dis¬ 
tinguished from other inorganic substances by a type of atomic 
structure which has an indefinite extension in space. The 
structure of a silicate may be represented as an infinitely 
extended network of linked oxygen atoms, with atoms of silicon 
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and metals occupying the spaces within regular groups of 
oxygen atoms. In such a network there are no molecules. Any 
atom in the structure (except oxygen) may be replaced by 
another atom of similar ionic radius,' without causing any 
serious distortion of the structure; just as a bricklayer, running 
short of red bricks, may incorporate a yellow brick of the same 
size here and there in his wall. Thus the atoms of aluminium, 
chromium, vanadium and ferric iron are mutually replace¬ 
able in the structure, and so are those of magnesium, 
ferrous iron, manganese and nickel. Not only may one element 
be replaced by another of the same valency, but there may be 
an interchange of atoms of different valencies, thus Na—Si 
may be replaced by Ca—AI, K—Si by Ra—Al, Mg—Si by 
A1—Al, Si by K—Al, or AI 2 by Mgj. The consequence is 
that in most of the silicates as we find them in nature there are 
present not only the particular metallic atoms that are charac¬ 
teristic of each so-called species, but also atoms of other metals 
which have been able to satisfy the requirements of valency and 
ionic radius and fit themselves into the structure. For instance, 
the mineral diopside is theoretically a simple metasilicate of 
magnesium and calcium ; but on account of the partial substitu¬ 
tion of certain atoms by others, a chemical analysis of natural 
diopside will generally show a considerable content of iron and 
smaller quantities of manganese, nickel, sodium, aluminium 
and chromium. We may, if we please, describe diopside as a 
solid solution of the metasilicates of all these metals, but it is 
more illuminating as well as more correct to discuss the matter 
in terms of atomic substitution. 

We have now to discuss the chemical composition of the 
principal rock-forming minerals. In doing so we shall some¬ 
times employ one method of description and sometimes the 
other, partly because most petrologists are acccustomed to think 


I One mav spea^ either of ionic radius or of atomic rj^ius, as the atom is 
ionized or not. Most inorganic compounds are ionic, so the use of the 
former term is preferable; but it is important to realize^ that the ionic 
radius is not a fixed ouantity but varies with the positive or hegative 
charge on the ion. Positive ions are smaller than the corresponding neutral 
atom, negative ions are larger. An element has as many ionic radii as it 
has valencies, for exairiple;— 

Fe (neutral atom) 1*24; Fca+ 0-83; Fc*+ 0-67; 

Mn (neutral atom) 1*18; Mn*+ 0*9X; Mn®+ 0*70; Mn'*+ 0*52. 
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in terms of “ isomorphous compounds** and partly because 
the terminology of ionic substitution has not yet provided a 
simple expression to take the place of “ solid solution.** Per¬ 
haps “ionic substitution complex** might be used, and 
“ionic substitution series** in place of the familiar “solid 
solution series.’ 


The Feldspar Family 

It has long been customary to think of this family in terms 
of the three end-members orthoclase, albite and anorthite, 
which give rise, by isomorphous crystallization, to several 
series of solid solutions. A truer picture shows us a continuous 
network of Si 04 and AIO 4 tetrahedrons, with atoms of potas¬ 
sium, sodium or calcium fitted into appropriate spaces in the 
network. When only potassium atoms are present the result 
is orthoclase, KAlSiaO*, which crystallizes with monoclinic 
symmetry. The pure sodium feldspar is albite, NaAlSisOg, 
and because the atoms of sodium are smaller than those of 
potassium the angles between the planes of the network are 
slightly different and the crystals are triclinic. The substitu¬ 
tion of Ca-Al for Na-Si in the network gives anorthite, 
CaAlaSiaOg, which is again triclinic. But if the large atoms 
of barium are present instead of the smaller calcium atoms, 
the result is the rare feldspar celsian, BaAlaSiaO*, which is 
almost monoclinic. 

Orthoclase forms with albite the very important ionic sub¬ 
stitution-series which we call soda-orthoclase. The more 
potassic members of the series are monoclinic; indeed, most of 
the orthoclase that we identify in rocks is really soda-orthbclase 
holding about eight times as much potash as soda. The 
more sodic members of the series are triclinic and are often 
called anorthoclase, while those very rich in soda should be 
called potash-albite. In addition to these homogeneous varie¬ 
ties there is a group of feldspars composed of sub-parallel 
lamellae, alternately sodic and potassic in composition; to these 
feldspars the names pertKite (microperthite, cryptoperthite) 
and antiperthite have been given. In the perthites the sodic 
member forms films, veins and patches within the potassic 
member; in the antiperthites this relation is reversed. The 
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work of O. Andersen and others has shown conclusively that 
some perthite is a product of metasomatic replacement, caused 
by circulating solutions, but that much of it is due to a change 
in the atomic structure of the feldspar itself. It is believed 
that when the crystals were formed, presumably at a rather 
high temperature, the sodium and potassium atoms were 
evenly distributed through the network; on cooling down to 
atmospheric temperature the structure became unstable and the 
large potassium atoms and the small sodium atoms were segre¬ 
gated in different layers. It was established by Dittler and 
Kohler that microperthite, when heated for a long time at 
1000* C. reverts to homogeneous soda-orthoclase. This is 
confirmed by E. Spencer, who has shown that microperthite 
can be dissolved and reprecipitated without difficulty. Most 
of the solution takes place between 350* and 750* C., and 
exsolution is so easy that in Spencer’s opinion ‘‘the rate of 
cooling of quickly chilled lavas would not prevent complete 
exsolution if the rapid cooling affected only that temperature 
range.” 

A further complication in the study of the potash-soda 
feldspars is introduced by the species microcline, sanidine and 
adularia. Microcline is characteristic of granite-pegmatites and 
other coarse-grained, low temperature rocks, and sanidine of 
acid lavas, so it is probably correct to regard the former as 
a low-temperature form and the latter as a high-temperature 
form of potash-feldspar. Dittler and Kohler heated microcline 
for *600 hours at 1000*. The cross-hatching disappeared and 
the extinction angle on (001) changed from 15* (microcline) to 
0* (orthoclase). Adularia is a very low-temperature form, con¬ 
fined to hydrothermal veins. 

The group-name plagioclase is applied to the ionic sub¬ 
stitution series between albite and anorthite, potassium ions 
being absent or quite subordinate. To those sections of the 
plagioclase series which hold respectively from 10 to 30, 30 to 
50, 50 to 70, and 70 to 90 per cent by weight of anorthite, the 
specific names oligoclase, andesine, labradorite and bytownite 
have been attached. Some analyses of plagioclase feldspar, or 
of rocks containing it, have shown a deficiency of silica; from 
this Washington and Wright deduced the presence of 5oda- 
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anorthite, NajAIgSisOg (at that time supposed to be identical 
with the synthetic mineral carnegieite) in solid solution. 
Later investigation by Ernst and Nieland, of the feldspar from 
Linosa upon which the observations of Washington and 
Wright were made, have failed to corroborate the supposed 
deficiency of silica; and Bowen and Greig have proved that 
carnegieite crystallizes in the isometric system and does not 
have the structure of anorthite. Nevertheless, the existence 
of soda-anorthite seems to be theoretically possible—it involves 
the replacement of one calcium atom by two sodium atoms in 
the anorthite structure—and a number of independent obser¬ 
vers have been constrained to assume its existence in order to 
explain the composition of certain rocks. T. F. W. Barth (1) 
pointed out that many basaltic lavas of the Pacific islands 
have nepheline in the norm (the calculated mineral composi¬ 
tion) although that mineral cannot actually be detected in the 
rocks; he concluded that soda-anorthite must be contained in 
the plagioclase. The present writer found it necessary to make 
the same assumption in the case of certain lavas from Mauritius. 
F. F. Osborne, T. Krokstrom, and Nockolds and Zies have 
also favoured this explanation of the abnormal composition of 
certain feldspars; but D. Beljankin prefers to assume an excess 
of sodium aluminate rather than a deficiency of silica in such 
cases. Whichever explanation one adopts, the fact seems to 
be established that some plagioclase feldspar contains less silica 
than is appropriate to the Simple albite-anorthite replacement 
series. 

Barium ions are present in small quantity in most potash- 
rich feldspar; also in large quantity in an abnormal plagio¬ 
clase described by Nockolds and Zies. But barium is not an 
important constituent of normal eruptive rocks. 

Between potassium atoms and calcium atoms there is so 
great a difference in ionic radius that potassium-calcium feld¬ 
spar seems to be an impossibility. Potash-rich feldspar in 
nature carries little more than a trace of lime, and lime-rich 
feldspar scarcely any potassium; but the more sodic feldspars 
such as anorthoclase and potash-albite may hold both potas¬ 
sium atoms and calcium atoms in subordinate amount. 

The composition of any feldspar is conveniently expressed 
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by the use of the symbols Or, Ab and An for the pure end- 
members ; thus Abaa. An** would be a plagioclase falling in the 
labradorite section of the series; and Ora* Ab** An* is the com¬ 
position of a possible anorthoclase. 

The feldspars have all been produced synthetically. 
Plagioclase holding more than 20 per cent of anorthite will 
crystallize from a simple melt of its constituents, but soda-rich 
plagioclase, as well as pure albite and pure orthoclase, can 
only be induced to crystallize by the addition of a flux. The 
melting point of pure anorthite is 1460® C., that of albite 
1115® ± 5® C. (J. F. Schairer). Orthoclase dissociates at 1170® C. 
into leucite and silica (Morey and Bowen; 1). Under hydro- 
thermal conditions, orthoclase has been synthesized at 360®, 
albite at 450®, and anorthite at 470® (Morey and Ingerson). 


The Pyroxene Family 

Structurally, the pyroxenes consist of endless chains of 
linked silicon-oxygen tetrahedrons, bound together laterally by 
magnesium and calcium atoms which are joined to oxygen, 
not directly to silicon. Since each silicon atom is joined to 
four oxygen atoms, and each oxygen either to another silicon 
or to a metal atom, the typical formula is either MgSiO® or 
CaMg(Si 03 ) 3 . The compound CaSiOj, although it occurs in 
nature as the mineral wollastonite, has a different atomic 
structure from the pyroxenes; for this reason the number of 
calcium atoms in a pyroxene is rarely more than the number 
of magnesium atoms, though it is often less. The possible 
kinds of atomic substitution in this family are (i) Fe^, Ni or 
Mn for Mg; (ii) Ala or Fe '"3 for Mg-Si; (iii) Na-Al, Na-Fe"', 
or Li-Al for Ca-Mg. 

The following are the simple pyroxenes: — 


R"Si 03 

R'R"'(Si 03 ), 


1. 

MgSiO, 

Enstatite 

2. 

FeSiO, 

Ferrosilite (theoretical) 

3. 

MnSiO, 

Rhodonite 

4. 

CaMgfSiO,), 

Diopside 

5. 

CaFe(SiO,), 

Hedenbergite 

6. 

NaAl(SiO,), 

Jadeite 

7. 

NaFe(SiO,)s 

i^girine (acmite) 

8 . 

LiAl(SiO,). 

Spodumene 
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The three kinds of ionic substitution mentioned above give 
rise to four substitution series, as follows : 

A. The Orthopyroxene or Hypersthene series^ ranging 
from enstatite to ferrosilite. A little manganese may be pre¬ 
sent, but much manganese makes the structure triclinic. The 
enstatite and the hypersthene ordinarily found in rocks are 
rhombic in crystallization, but at high temperatures (1140® C. 
for MgSiOa, below 955® C. for varieties rich in FeSiOs) they 
transform into monoclinic varieties known as clino-enstatite and 
clino-hypersthene; these are rarely found in eruptive rocks but 
are well-known in meteorites. Pure FeSiOs is unknown in the 
crystalline state. 

B. The Augite series. Common augite is merely a 
moderately aluminous variety of diopside-hedenbergite, 
formed by the partial substitution of AI 2 for Mg-Si. The 
proportion of alumina in common augite is from 3 to 9 per 
cent, and some ferric oxide or chromic oxide may accopipany 
it. 

C. The Enstatite-AugHe series, so named by W, Wahl 
in 1907, includes pyroxenes which are intermediate between 
series A and series B. A distinguishing feature of this series 
is that as the content of enstatite increases the optic axial angle 
diminishes to zero and then opens out again at right angles 
to its former position. A pyroxene with a very small axial 
angle was described by A. N. Winchell in 1900 and named 
“pigeonite” (from Pigeon Point, Minnesota); it has now 
become the practice to extend this name to all monoclinic 
pyroxenes of small axial angle, that is, to the more magnesian 
members of the enstatite-augite series. H. Kuno (1) put the 
limit at 45®, all monoclinic pyroxenes of smaller axial angle 
than this being called pigeonite, all others augite; but H. H. 
Hess has given reasons for preferring the limit 2V = 32®. 

T. F. W. Barth (2) contends that pigeonite is only formed 
under conditions of rapid cooling, as in basalt, and that under 
slow cooling hypersthene and augite crystallize separately, as 
in gabbro and norite; pigeonite is therefore regarded as a 
metastable mineral. Hess and Phillips have shown that 
orthopyroxene in plutonic rocks often contains thin lamellse of 
clino-pyroxene arranged parallel to the optic plane; they ex- 
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plain this by exsolution of diopside from an originally homo¬ 
geneous pyroxene (diopside-hypersthene). But H. Kuno 
maintains that iron-rich pigeonite is stable even under plutonic 
conditions. 

D. The Soda~Diopside series. This results from the 
substitution, in the diopside structure, of Na-Al or Na-Fe'" 
for Ca-Si or Mg-Si, forming jadeite-diopside and acmite- 
diopside respectively. Jadeite-diopside is almost restricted to 
metamorphic rocks, but the acmite-diopside series, often called 
“ segirine-augite,” is well known in the alkaline eruptive 
rocks. 

All the pyroxenes have been prepared synthetically, 
although Bowen and Schairer found it impossible to induce a 
pure metasilicate melt to crystallize completely in the rhombic 
form. By using calcium fluoride as a flux, D. P. Grigoriev (1) 
succeeded in lowering the freezing-point of a magnesium meta¬ 
silicate melt so far that rhombic enstatite crystallized out. 
Clino-enstatite and clino-hypersthene, as well as diopside and 
hedenbergite, crystallize readily from dry melts. Diopside 
melts at 1391® C. (Bowen); clino-enstatite melts incongruently 
at 1657® C. (Bowen and Andersen). Acmite has been syn- 
thetized by fusing its constituents along with an excess of NaCl; 
it melts at 990® C. (Bowen and Schairer, i). 

The Amphibole Family 

The amphiboles are chain compounds, like the pyroxenes, 
but with this difference that the amphibole chain is a double 
one. Chemically, magnesium always exceeds calcium, and 
hydrogen or hydroxyl ions are always present; thus the 
formula of an amphibole is much more complex than that of 
the nearest pyroxene. 

Corresponding to enstatite there is anthophyllite, which 
may be written H 2 Mg 7 (Si 03)8 or (OH) 3 Mg 7 Si 8022 , and a series 
of ortho^mphiboles analogous to the orthopyroxenes.. These 
seem to be confined to metamorphic rocks. 

The place of diopside is taken in the amphibole family by 
trcmolite, H2Ca2Mg5(SiOs)8, or (0H)aCa3Mg5Si8022. In this 
formula calcium is replaceable by sodium; magnesium by 
ferrous iron or manganese and also in part by aluminium; 
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silicon in part by aluminium; and aluminium by ferric iron. 
Titanium and fluorine may also enter the structure. The pro¬ 
duct of all these substitutions is the hornblende series, analo¬ 
gous to the augite series but considerably more complex. The 
mineral that we call common hornblende has really a very wide 
range of composition. Most hornblende is green, but there is 
a dark brown variety that has long been known as “basaltic 
hornblende.** It has been shown by Kozu and Yoshiki that 
this brown variety is formed when common green hornblende 
is heated above 750“ C. The transformation is accompanied by 
oxidation of iron and loss of water. 

From the tremolite formula, by the usual substitutions, 
we may deduce a series of soda~amphiboles. The best known 
of these are glaucophane, H 2 Na 3 Mg 3 Al 2 (Si 03 )s, and the re¬ 
lated riebeckite and arfvedsonite in which the place of mag¬ 
nesium and aluminium is taken by ferrous and ferric iron, 
i^nigmatite, another sodium-iron silicate, is usually placed 
among the amphiboles but is now known to have a different 
atomic structure. 

V. von Chrustchoff is reported to have obtained amphi- 
bole crystals by heating silica, alumina, and various 
hydroxides to 550“ C. in presence of water; but a supposed 
amphibole obtained by Allen and Clement und:^r similar con¬ 
ditions has since been shown to be olivine. D. P. Grigoriev (2) 
has however prepared a fluorine hornblende, that is, one in 
which the place of hydroxyl is taken by fluorine, from a dry 
melt. 


The Mica Family 

X-ray study has shown that the unit cell of the mica 
structure contains twelve oxygen atoms, two of which belong 
to hydroxyl groups. The formula of muscovite is accordingly 
KAl 3 SisOio(OH) 2 . The substitution of sodium for potassium 
gives paragonite, and the partial substitution of lithium for 
aluminium gives lepidolite and other lithia micas. In phlo~ 
gopite two atoms of aluminium are replaced by three atoms of 
magnesium, giving the formula KMg 3 AlSi 30 io(OH) 3 ; and in 
hiotite there is a further substitution of Fe'' for Mg and Fe"' 
for Al. Lepidomelane is a variety of biotite very rich in both 
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ferrous and ferric iron. Fluorine is a fairly constant minor 
constituent of most micas; it replaces hydroxyl and may make 
up as much as 7 per cent of some lithia-micas. 

Both muscovite and biotite have been prepared in the 
laboratory with the aid of fluxes containing fluorine. The pre¬ 
sence of water is not essential since the place of hydroxyl can 
be taken by fluorine; in this way D. P. Grigoriev (3) has 
prepared phlogopite from a dry melt. W. Noll has lately 
succeeded in synthesizing muscovite from a gel at the surpris¬ 
ingly low temperature of 225° C.; it is thought that it may 
form at even lower temperature in nature. When heated under 
atmospheric pressure the micas do not melt but dissociate, 
forming various anhydrous silicates of simpler constitution. 

The Tourmaline Family 

According to W. L. Bragg the general formula of tour¬ 
maline is XsYjrBflSiigHxOM, where X stands for Na or Ca and 
Y for Al, Fe'", Cr, Fe", Mg, Li. Thus we arrive at such a 
formula as NajCaLiaMgjAliaBoSiigH^oOos, which represents 
the composition of an actual variety of tourmaline. The range 
of composition exhibited by members of the tourmaline family 
is exceptionally wide and the atomic structure is not yet known. 
Tourmaline is the only common rock-forming mineral that 
contains boron, always amounting to about 10 per cent of B 2 O 3 . 
No synthesis of this very complex mineral has yet been effected. 

The Olivine Family 

Common olivine is a substitution complex ranging in 
composition from forsterite, MgjSiOg to fayalite, FejSiOg. A 
small proportion of manganese is usually present. A lime¬ 
bearing olivine, monticellite, is of very rare occurrence in erup¬ 
tive rocks. Olivine crystallizes readily from magnesium 
silicate melts which lack the silica necessary for the formation 
of enstatite. If excess of silica is present, forsterite may 
appear as a temporary phase, but it is later transformed into 
enstatite (the Bowen-Andersen reaction). 

Forsterite melts at 1890° C. and fayalite at 1205° C. (N. L. 
Bowen and J. W. Schairer, 2). Greig, Merwin and Shepherd 
have shown experimentally that fayalite may be formed by 
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reaction between iron oxide and hot vapours carrying silica; 
they consider that the fayalite that so often occupies cavities 
in acid lavas may have been formed in this way. 


The Garnet Family 

This family includes a number of isomorphous species 
which conform to the empirical formula R,X 2 (Si 04 )a, where 
R stands for magnesium, calcium, ferrous iron or manganese, 
and X for aluminium, ferric iron, titanium or chromium. An 
artificial soda-garnet has been prepared, and soda has been 
detected in some varieties of garnet. Some of the simpler 
species are as follows:— 


Grossularite 

Pyrope 

Spessartite 

Almandine 

Andradite 


CaaAl3(SiOJa 

Mg.Al^SiOA 

Mn^Al^CSiOj, 

FeaAl,(Si 04 )a 

Ca,Fe2(SiOa)j 


Common garnets contain the ions of two or three of these 
species at once. Grossularite is confined to metamorphic 
rocks, but the other species may occur scantily in eruptives. 
Pyrope and melanite —a titaniferous variety of andradite—are 
only known in rocks with a very low content of silica, the 
former in association with olivine, the latter with nepheline or 
leucite; almandine and spessartite on the other hand are found 
in very acid granites and pegmatites. Most garnets do not 
recrystallize as such after melting, but melanite and spessartite 
have been prepared from melts. Spessartite melts congruently 
at 1200“ (R. B. Snow). Manganese and lime garnets were pre¬ 
pared by A. Gorgeu, by heating pipeclay to redness, along 
with manganese chloride or calcium chloride, in a stream of 
water vapour. 

The Epidote Family 

This family appears, from its empirical formula, to be 
closely related to the garnet family. The simple lime-epidote 
(zoisite) has the formula Caa(A 10 H)Al 2 (Si 04 ) 3 . Common 
epidote differs from this only by having part of the aluminium 
replaced by iron. In allanite, or cerium epidote, aluminium is 
partly replaced by cerium, lanthanum, and didymium. Al¬ 
though epidote occurs quite abundantly in some granites, it is 
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not Strictly a magmatic mineral but a product of hydrothermal 
action in the late stages of cooling. The synthesis of epidote 
has not yet been effected. 

The Meliute Family 

The latest student of this family of minerals is H. Berman, 
who finds that the following simple molecules enter into the 
composition of natural melilite ;— 

Akermanite Ca 2 MgSi 20 , 

Gehlenite Ca^AlgSiO^ 

From these, by familiar atomic substitutions, we may 
derive two other molecules, namely ;— 

Soda-melilite Na^SigOy 

wSub-melilite CaSigO^ (has no independent 

existence) 

The first two molecules may be present in any proportion, the 
third up to 25 per cent, and the fourth up to 10 per cent in 
natural melilite. 

Bowen, Schairer and Posnjak have synthesized iron-aker- 
manite, another possible component of natural melilite, 
Melilite crystallizes easily from dry fusion of its constituents; 
it is a common product in furnace slags. Melilite is only 
formed in eruptive rocks of extremely low silica content. It is 
nearly always accompanied by olivine and frequently by 
nepheline or leucite. 

The Nepheline Family 

This family contains the species nepheline, NaAlSi 04 , 
and kaliophilite or potash-nepheline. Most natural nepheline 
holds roughly five times as much soda as potash. Some 
analyses of nepheline show more silica than the above formula 
requires, and N. L. Bowen has proved that potential albite 
(as well as potential anorthite) may be present in natural 
nepheline. The composition of two examples of this mineral 
from East Africa is expressed as follows (Bowen and Ellestad), 



(1) 

(2) 

Soda-nepheline 

61-8 

570 

Potash-nepheline 

12-9 

37-6 

Albite 

20-8 

10 

Anorthite 

4-5 

4-4 
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This rather surprising result is more easily understood if one 
writes the formula of nepheline thus, NagAlgSi.Oaa; then the 
substitution of four atoms of calcium for eight of sodium gives 
Ca 4 Al 8 Si 8032 , or anorthite, and the replacement of 4 NaAl by 
4 Si gives Na 4 Al 4 Siia 032 , or albite. 

Nepheline has been synthesized by fusing its constituents 
together, with the addition of sodium tungstate as a flux. It 
has also been produced by various hydrothermal reactions; 
G. Friedel obtained it by treating muscovite with a ten per 
cent solution of sodium hydroxide at 280“ C. Kaliophilite was 
prepared by G. W. Morey by heating potassium aluminate 
and silica with water at 600“ C. under a pressure of about 1,000 
atmospheres. 

Nepheline transforms at 1248“ C. into a cubic modifica¬ 
tion called carnegieite which, on cooling, does not revert to 
nepheline but develops a complicated twinning like that of 
plagioclase (Bowen and Greig). 

Cancrinite is a substitution product of nepheline contain¬ 
ing CO 3 groups, on occasion also SO4 groups. Its composi¬ 
tion may be expressed in an easily remembered form by the 
empirical formula 6 NaAlSi 04 + NaHC 03 . Cancrinite was 
synthesized by J. Lemberg by heating kaolin in a solution of 
sodium carbonate. 

In spite of a difference in crystalline form (isometric in¬ 
stead of hexagonal) the sodalite group of minerals should also 
be considered here. T. F. W. Barth (3) has shown that the 
formula of sodalite is Na 8 Al 6 Sie 024 Cl 2 (more easily remem¬ 
bered as 6 nepheline+Na 2 Cl 2 ) and that of nosean is similar, 
with SO4 in place of CL (or 6 nepheline+ Na 2 S 04 ). Haiiyne, 
formerly regarded as a distinct species, was shown to be a 
solid solution between nosean and a calcium silicate—^that is 
to say, some of the sodium atoms in nosean are replaced by 
calcium atoms and extra SO 4 groups are simultaneously built 
into the structure. Both sodalite and nosean were prepared 
synthetically by G. Friedel, by heating muscovite with sodium 
chloride or sodium sulphate solutions. T. F. W. Barth has 
prepared nosean by fusing a glass of the composition of 
nepheline along with sodium sulphate at 800“ C. 
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Leucite and Analcime 

The empirical formula of leucite is KAlSioOg. The 
formula of analcime is similar to that of leucite, with soda in 
place of potash, and with water of crystallization added; it is 
generally written NaAlSi20e+HgO. J. Lemberg showed that 
leucite can be transformed into analcime, or analcime into 
leucite, by treatment of the powdered minerals with solutions 
of soda and potash salts respectively at 180® C. In spite of 
this simple relationship, natural leucite contains very little 
soda and analcime seldom more than a trace of potash. But 
Larsen and Buie have described a high-temperaiure analcime 
in which potash forms a quarter of the total alkali present. 
Leucite crystallizes readily from dry fusion, but analcime re¬ 
quires the presence of water under pressure, and was prepared 
by A. de Schulten by heating alumina with a sodium silicate 
solution at 180® C. Leucite melts at 1686® C. (Bowen and 
Schairer, 3). 

Pseudo4eucite and epuleucite are formed in certain rocks 
by the transformation of leucite (and perhaps analcime?). 
Pseudo-leucite is an aggregate of orthoclase and nepheline; 
in a further stage of transformation the nepheline may be re¬ 
placed by white mica or zeolites. Epi-leucite, as described by 
A. Zavarickij, is an intergrowth of orthoclase and muscovite, 
both of which have been formed directly from leucite without 
the intervention of nepheline. 

The Silica Group 

Quartz is the stable form of silica under atmospheric 
pressure, at all temperatures up to 870® C.; tridymite between 
870® and 1470® C.; and cristobalite from 1470® C. to its melting 
point at 1713® C. With slow cooling, and in presence of fluxes 
which ensure free movement of the molecules, both tridymite 
and cristobalite transform into quartz when the temperature 
falls below 870® C.; hence in deep-seated eruptive rocks only 
quartz is found. But the transformation is sluggish, and rapid 
cooling of the melt may delay it to such an extent that one or 
other of the high-temperature forms is perpetuated under con¬ 
ditions that are theoretically unfavourable to it. Thus one 
can understand why tridymite and cristobalite are often found 
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in lavas, but never in deep-seated rocks. C. N. Fenner writes 
that 

“ The presence of cristobalite or tridymite in a rock does not neces¬ 
sarily imply that at the time of formation of these minerals the tempera¬ 
ture was above the respective inversion points (1470® and 870®). Any 
set of conditions which will bring together quantities of ungrouped Si 02 
molecules in such a manner as to favor their rapid assemblage in definite 
groupings without giving time for perfect equilibrium to be established 
(as in the reactions of vapors); or which will suddenly bring a system in 
which equilibrium prevails'into new conditions, at the same time intro¬ 
ducing obstacles to the establishment of a new equilibrium (as in the 
sudden chilling of a melt), will favor the deposition of unstable forms.” 

A. Lacroix claims that tridymite was formed, in the lavas 
of Mt. Pel6e, by crystallization of the glassy base of the rock 
under the influence of heated water vapour; and A. F. Rogers 
has described an instance in Calif or na of the production of a 
feldspar-tridymite rock by devitrification of obsidian under the 
action of hot vapours. D. S. Beljankin and V. P. Petrov find 
cristobalite to be not at all uncommon in young dacitic and 
andesitic lavas of the Caucasus and Transcaucasia. E. K. 
Ustiev describes a dacite of the middle Caucasus, containing 
7 to 10 per cent of tridymite and cristobalite; both minerals 
are believed to have been formed by recrystallization of the 
glassy base of the rock under the influence of magmatic gases. 
Van Valkenburg and Buie record octahedral crystals of cristo¬ 
balite, deposited on fibres of mordenite in cavities in basalt. 
They conclude that the crystals must have formed “ not far 
from 300° or 400° C.” But H. Kuno (2) has observed tridy¬ 
mite and cristobalite in the groundmass of many Japanese lavas 
and considers these minerals to be of primary crystallization. 
I’he same opinion is expressed by A. tJ. Maegregor regarding 
tridymite in the lavas of Montserrat; and by E. S. Larsen, who 
has described lavas containing 20-30 per cent of tridymite in 
Colorado. 

Quartz itself is known in two forms which differ slightly in 
appearance and crystallographic character, and have a trans¬ 
formation point at 676° C. The quartz in nearly all eruptive 
rocks has the crystal habit of high-quartz, although at atmos¬ 
pheric temperature it is actually low-quartz. In some coarse¬ 
grained granites and pegmatites low-quartz was present from 
the beginning. 
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Any form of silica can be converted into cristobalite by 
heating nearly to the melting point, without the aid of a flux. 
Both tridymite and cristobalite make their appearance in the 
silica bricks which are used for lining furnaces. To obtain 
quartz crystals in the laboratory, the agency of water as a flux 
is generally required, but Morey and Bowen (2) have obtained 
quartz bipyramids from an anhydrous sodium silicate melt at 
750" C. 

Under hydrothermal conditions quartz has been syn¬ 
thesized at 250°, tridymite at 350°, and cristobalite at 650° 
(Morey and Ingerson). 

Other Minerals 

Oxides. The commonest of these is magnetite, Fe 304 , or 
Fe0,Fe208. The ferrous iron in this formula is replaceable by 
magnesium or manganese, and the ferric iron by aluminium 
or chromium, giving a series of isomorphous compounds 
which are known collectively as spineL Ferric iron is also 
replaceable to a considerable extent by titanium, giving 
titanomagnetite, which forms a connecting link between pure 
magnetite and the highly titaniferous ilmenite, FeTiOs, or 
(Fe,Ti)aOa. 

Hematite, FejOs, is a scanty constituent of many eruptive 
rocks and is perhaps in most cases an alteration product. The 
same remarks apply to rutile, TiOg, and other oxides of 
titanium. Corundum, AljO,, is an uncommon constituent of 
eruptive rocks, and its appearance, in certain cases at least, is 
due to solution of aluminous sediments by the magma. 

Magnetite crystallizes directly from silicate melts and 
furnace slags. It has been melted in the laboratory at 
1591° C., under a small pressure of oxygen (J. W. Greig and 
colleagues). Hematite is produced by the action of steam on 
iron salts at red heat; it is often observed in the slaggy parts 
of lava-flows, where the iron silicates of the magma have been 
decomposed by steam. The spinels have been crystallized 
by various processes involving the use of fluxes. Corundum 
crystallizes from dry silicate melts, and from direct fusion of 
alumina in the oxy-hydrogen blowpipe; it has also been ob¬ 
tained at temperatures as low as 400° C. by heating alumina 
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with sodium hydroxide. The following melting points are 
known;— 

Corundum 2040® C. 

Chromite 2180® C. 

Hematite 1565 ®C. 

Ilmenite 1450® C. 

Zircon and Zirconosilicates. The principal minerals 
which contain zirconium, in eruptive rocks, are :— 

Zircon, ZrSi 04 

Eucolite (eudialyte), perhaps 

(Na,Ca,Fe),Zr( 0 H,Cl)(Si 03 ). 
Catapleiite, Na2Zr(Si0s)3 + 2H20 
also wohlerite, rosenhuschile, lavenite, and others of doubtful 
composition. Zircon alone is of common occurrence, but 
eudialyte and others are important in certain classes of rocks. 
The melting point of zircon is 2550®. 

Titanosilicates and Titanates. Many minerals have 
already been mentioned in which titania takes part. The 
following should be added ;— 

Sphene CaSiTiOs 

Perovskite CaTiOs 

Astrophyllite Fe 4 Na 4 Ti(Si 04)4 

^nigmatite and rhdniie are rare titanosilicates which were 
formerly referred to the amphibole group. 

Phosphates. In addition to apatite, SCaaPaOgCaFa, 
which is found in traces in nearly all eruptive rocks, it appears 
that xenotime, YPO4, is not uncommon in granites and 

syenites, where it is often mistaken for zircon. Monazite, a 
phosphate of the cerium group of metals, occurs in some 
granites. W. Mackie has found it to be widely distributed in 
the granites of the North of Scotland. The melting point of 
fluor-apatite is 1630® C. 

Sulphides. Iron pyrites, FeSg, and pyrrhotite (magnetic 
pyrites) Fe^Sa are common. Other sulphides, such as chalco- 
pyrite, CuFeSg; bornite, Cu 5 FeS 4 ; pentlandite {Fe,Ni)S; and 
niispickel, FeAsS, are only occasionally present in significant 
quantities. The sulphides are slightly more fusible than the 
silicates, Pyrrhotite melts at 1183® C. (E. T. Allen and 
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Others), and chaloopyrite probably below 1100*. J. H. L. 
Vogt gives the following melting points;—Cu^S, 1130* C.; 
FeS, 1170* C. 

Fluorides and Fluosilicates. Among these are :— 
Fluorite CaFj 

Topaz Al(AlF 2 )Si 04 

Cryolite Na^AlF, 

Topaz and fluorite are often found in the marginal facies of 
^granite masses,, where they replace feldspar. Cryolite is only 
known in some granite-pegmatites. Fluorite and cryolite, 
melting at 902* and 977* C. respectively, are among the most 
fusible of all rock-forming minerals. 


The Relative Abundance of the Various Minerals and 
Elements 

F. W. Clarke has made an approximate estimate of the 
proportions in which the commoner minerals occur in eruptive 
rocks, with the following result:— 

Feldspars make up 69 per cent of all rocks examined. Meta¬ 
silicates (pyroxenes and amphiboles) make up 17 per cent of all rocks 
examined. Quartz makes up 12 per cent of all rocks examined. Micas 
make up 4 per cent of all rocks examined. All other minerals together 
make up 8 per cent of all rocks examined. 

If we compare intrusive with extrusive rocks, in respect 
of mineralogical composition, it will be found that such dif¬ 
ferences as appear relate only to the le.ss common minerals. 
Thus tridymite and cristobalite are restricted to lavas, and 
leucite and melilite are nearly so restricted; while muscovite, 
tourmaline, and cancrinitc are very seldom seen in lavas, what¬ 
ever their composition. All other minerals occur indifferently 
in major intrusions, minor intrusions, and surface flows. 

We owe to F. W. Clarke and H. S. Washington an 
elaborate computation of the average chemical composition of 
eruptive rocks. The first table gives the proportions of the 
commoner oxides; the second table that of the individual ele¬ 
ments. In the case of those elements that amount to less than 
•001 per cent, the approximate proportion is indicated by a 
cross in the appropriate position after the decimal point. 
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TABLE I 

Average Composition in Terms of Oxides 


(Clarke and Washington) 


SiOj 

5912 

CO, 

0*101 

Cr,0, 

0*055 

A1,03 

15*34 

TiO, 

1*050 

V3O3 

0*026 

FCaOj 

3*08 

ZrO, 

0*039 

MnO 

0 124 

FeO 

380 


0*299 

Nip 

0*025 

MgO 

349 

Cl 

0*048 

BaO 

0*055 

CaO 

5*08 

F 

0*030 

SrO 

0*022 

Na^O 

3-84 

S 

0*052 

Li,0 

0*008 

K.O 

3*13 

(Ce,Y),03 

0*020 



h;o 

M5 



99*984 


TABLE II 

Average Composition in Terms of Elements 
(Clarke and Washington) 


1. 

Oxygen 

46*41 

Rubidium 

*000, X 

2. 

Silicon 

27*58 

Arsenic 

»» 

3. 

Aluminium 

8*08 

Molybdenum 


4. 

Iron 

5*08 

Tin 

)) 

5. 

Calcium 

3*61 

Bromine 

»* 

6. 

Sodium 

2*83 

Caesium 

ooo,ox 

7. 

Potassium 

2*58 

Scandium 

)) 

8. 

Magnesium 

2*09 

Antimony 

)> 

9. 

Titanium 

0*720 

Cadmium 

1 ) 

10. 

Phosphorus 

0*157 

Mercury 

>» 

11. 

Hydrogen 

0*129 

Iodine 

»» 

12. 

Manganese 

0*124 

Bismuth 

*000,oox 

13. 

Chlorine 

0*096 

Tungsten 

>» 

14. 

Barium 

0*081 

Thorium 

)) 

15. 

Sulphur 

0*080 

Columbium ) 


16. 

Chromium 

0*068 

Tantalum ) 

)} 

17. 

Zirconium 

0*052 

Uranium 

M 

18. 

Carbon 

0*051 

Silver 

)) 

19. 

Vanadium 

0*041 

Selenium 

»» 

20. 

Strontium 

0*034 

Platinum 

*000,000, X 

21. 

Nickel 

0*031 

Tellurium 

»» 

22. 

Fluorine 

0*030 

Gold 

»» 

23. 

Cerium, yttrium 

0*020 

Thallium 

•000,000,ox 

24. 

Copper 

0*010 

Indium 

ooo,ooo,oox 

25. 

Lithium 

0*005 

Gallium 

n 

26. 

Zinc 

0004 

Germanium 

•ooo,ooo,ooo,x 

27. 

Cobalt 

0*003 

Radium 

■ooo,ooo,ooo,oox 

28. 

Lead 

0*002 



29. 

Boron 

0001 



30. 

Beryllium 

0*001 
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Later computations, which have been summarized by E. 
Troger, suggest that some of the minor elements—particularly 
beryllium, lithium and boron-*-may be less scarce than these 
figures suggest. 
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Knowledge is always being born and dying; it is a tree 
which fushes new branches while others wither and 
drof. We have to be on our guard against dead and 
■petrified knowledge bequeathed to us by former genera- 
Sir Walter Raleigh. 


CHAPTER III 

THE FUGITIVE CONSTITUENTS OF THE MAGMA 

By fugitive constituents we mean substances which were pre¬ 
sent in the magma before freezing set in, but were for the 
greater part lost during the process of crystallization, so that 
they do not commonly appear as rock constituents. These 
substances may be gases and vapours which escape from the 
magma when the external pressure is reduced, or soluble salts 
which are carried away in solution by magmatic or even 
meteoric water.' 

The evidence relating to the fugitive constituents of the 
magma is drawn from four sources; first, from observation of 
active volcanoes and fumaroles in the field; second, from the 
chemical and microscopical study of the liquids and gases 
enclosed or occluded within eruptive rocks and rock minerals; 
third, from the study of contact metamorphism; fourth, from 
experiments upon the conditions of formation of crystalline 
silicates. 

The most satisfactory investigations of volcanic gases that 
have ever been made are those of A. L. Day, E. S. Shepherd 
and T. A. Jaggar at Kilauea. The gases were collected by 
thrusting iron pipes, or vacuum tubes with soft glass plugs, 
into cracks in the domes which formed above lava fountains. 
All possible care was taken to prevent contamination of the 


1 N. L. Bowen has introduced the term hyperfusible components, and this, in 
the abbreviated form “ hyperfusibles,” is coming into popularity. It does 
not, however, have such a wide connotation as “ fugitive constituents ** 
since compounds such as sodium metasilicate, sodium aluminate, and the 
chlorides and carbonates of the alkalis cannot fairly be said to be exces* 
sively fusible/’ Both terms are useful, but they should not be confused. 
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gases by air, but the difficulty of collecting flaming gas is so 
great that some degree of contamination seems to have been 
unavoidable. In the first collections by Day and Shepherd, 
water was not estimated, owing to the observers being unpre¬ 
pared for its appearance; nevertheless a large proportion of 
water condensed in the collecting tubes. In later collections 
by Shepherd and Jaggar, arrangements were made for deter¬ 
mining water. A few representative analyses from the 1917 
and 1919 collections are quoted below. The figures refer to 
volumes per cent at 1200® C. 


COa 

CO 

Ha 

N. 

A 

SOa 

so. 

S 

Cla 

H,0 

47*68 

1*46 

0*48 

2-41 

0*14 

11*15 

0-42 

0*04 

0*04 

3618 

11*12 

3*92 

1*42 

— 

0 61 

— 

— 

8*61 

0*02 

77-60 

2*65 

1*04 

4*22 

23*22 

n.d. 

0*16 

-- 

0*70 

n.d. 

67-99 

17*95 

0*36 

1*35 

37*84 

n.d. 

3*51 

— 

0*49 

n.d. 

38-48 

33**48 

1*42 

1*56 

12*88 

0*45 

29*83 

— 

1*79 

0*17 

17-97 

6*63 

0*22 

0*15 

2*37 

0-66 

3*23 

6*61 

— 

1*11 

80-31 

5*79 

— 

— 

7*92 

n.d. 

4*76 

2*41 

_ 

4*08 

76-09 

1*42 

0*05 

0*08 

0*68 

0*06 

0*61 

— 

0*07 

0*03 

97-09 


In summarizing the results obtained between 1912 and 
1919, Shepherd points out that the principal emanation from 
Kilauea is water, which averages about 70 per cent of the total 
gas evolved. Next in abundance is carbon dioxide, with 
sulphur dioxide in the third place. Chlorine is relatively 
scarce, and hydrocarbons are absent or inappreciable. The 
ratio of argon to nitrogen is about three times as great in the 
volcanic gases as it is in air. 

All the work that has been done on the subject goes to 
show that the composition of the emanation varies greatly 
from place to place and from time to time. This is plainly 
shown even by the small number of analyses quoted above. 
That this must be the case is evident when one considers that 
such gases as hydrogen and carbon dioxide, hydrogen and 
sulphur dioxide, react with one another at high temperatures; 
and further, that some of these gases are capable of reacting 
even with the silicates and oxides in lava; that, in fact, “ what¬ 
ever may have been the previous opportunities for chemical 
readjustment among the gases as they rose in solution with the 
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magma and were gradually set free with diminishing pressure, 
they are still in process of active reaction when discharged into 
the air.** (Day and Shepherd.) 

The question must then arise, whether the water which is 
the chief and in many respects the most interesting component 
of the emanation was present as such in the lava, or was 
formed by oxidation of hydrogen at the surface of the lava 
lake. T. A. Jaggar has shown that air may be carried down 
into the lava by the foundering of blocks of the frozen crust, 
which carry air in their pores; thus oxidation may begin even 
before the gases reach the surface of the lake. But only a 
small proportion of the water in the emanation could have 
been formed by atmospheric oxidation, for if much water were 
formed in this way then the ratio of nitrogen to oxygen in the 
escaping gases would be much greater than it actually is. In 
a later paper, Jaggar admits that he formerly attached too 
much importance to atmospheric burning, and says “there 
is no slightest question that hydrogen monoxide is a magmatic 
product.” 

Water may also be formed by reaction between hydrogen 
and carbon dioxide, with production of carbon monoxide. 
But the latter gas is quite a minor constituent of the emana¬ 
tion, generally forming less than one per cent of the whole, 
so little water can have been produced in this way. In short, 
we seem to be compelled to believe, with E. S. Shepherd, that 
“at Kilauea the major constituent is water, and the question 
as to its meteoric or plutonic origin has been fairly well estab¬ 
lished in favor of the plutonic.” 

This conclusion receives strong support from the presence 
of firmly held water (as distinct from moisture given off at 
100® C.) in all fresh eruptive rocks. From data collected by 
H. S. Washington, it appears that the average proportion of 
combined water in deep-seated rocks is about 0*8 per cent of 
the weight of the rock, and in lavas 1-6 per cent, while in cer¬ 
tain glassy rocks (pitchstones) there may be as much as ten per 
cent of water by weight. J. D. Dana showed that the amount 
of water required to produce the beautiful “ thread lace ” scoria 
at Kilauea was at least IT per cent by weight of the active lava. 
E. T. Allen calculated that if the water in average granite were 
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entirely expelled at lOO"* C., under atmospheric pressure, it 
would occupy a volume thirty times that of the rock, and the 
water in average basalt under the same conditions would amount 
to eighty-seven times the volume of the rock from which it was 
expelled. 

E. S. Shepherd and H. E. Merwin have studied the com¬ 
position of the gases yielded by specimens of cold, solid lava 
when heated in vacuo. Lavas of Mont Pelee and of Hawaii 
were examined in this way, and Shepherd reports that the 
gases given off arc almost identical with gases collected 
directly from the lava lake at Kilauea. He shows, further¬ 
more, that the gases obtained from lavas, regardless of origin, 
all agree in this respect that water forms about eighty per cent 
of the total gas. As regards the source of this water, 
Shepherd establishes the very significant fact that the ratio of 
nitrogen to water in the gases is about 8 : 68, whereas if the 
nitrogen and oxygen had been derived from the atmosphere 
this ratio would have been 70: 30. 

It has long been known that pitchstones and basaltic 
glasses, which represent rapidly chilled magma, hold from five 
to ten per cent of water; and this has been regarded as strong 
evidence of the hydrous character of natural magma. But 
C. N. Fenner (1) has thrown some doubt upon this conclusion 
by showing that between the finely-crystallino Watchung 
basalt of New Jersey and its glassy selvedge there is not only 
a difference in water content, but also a marked difference in 
the ratio of soda to potash, and in the proportion of silica. L. 
Hawkes and H. F. Harwood have made a similar comparison 
between the central stony portion and the glassy marginal facies 
of a dyke near Sandfell, Iceland, with the result shown in the 
following table : — 

Glassy Margin. Stony Centre, 

Percentage Composition. 


s\o. 

70-55 

77-77 

Na^O 

5-08 

3-91 

K,0 

2-58 

4-34 

h;o 

7-28 

-62 


Normative 

Composition. 

Quartz 

29-26 

38-35 

Orthoclase 

15-23 

25-68 

Albite 

42-92 

33-06 

Anorthite 

1-78 

1-39 
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Both Fenner and Hawkes attribute these differences to 
changes that have taken place in the composition of the glassy 
rocks since their formation. If they are right, then it would 
no longer be permissible to argue from the water-content of 
the glassy rock to that of the magma, and one of the oldest 
arguments in favour of the hydrous nature of the magma would 
be destroyed. But the question need not concern us greatly 
in view of the evidence derived from other sources. 

An extraordinarily important series of experiments by 
R. W. Goranson has at last given us a direct measurement of 
the solubility of water in granitic magma. Goranson prepared 
a granitic glass by fusing granite from Stone Mountain, 
Georgia, and cooling it rapidly. Samples of this glass were 
sealed up together with water in platinum capsules, which were 
strongly heated in bombs containing carbon dioxide (to serve as 
the pressure-medium). After two to four hours the temperature 
was lowered quickly, and the water content of the samples 
(again in the glassy state) was determined by ignition in air. 
The solubility of water in the granitic glass at 900* C. was 
found to be as follows:— 


Pressure 

{Metric atmospheres) 
Corresponding depth 
(kilometres) 

Solubility 

(weight per cent) 


500 

1000 

2000 

3000 

4000 

2 

3-8 

7-6 

11-4 

15 

3-75 

575 

815 

8-90 

9-35 


When the pressure was fixed at 980 metric atmospheres 
and the temperature was varied, the following data were 
obtained: — 

Temperature 600 750 800 900 1000 1200 

Solubility 5*96 6*3Q 5’94 5*70 5*50 4*83 


At this pressure, the solubility of water in molten granite 
decreases at the rate of about 0-3 per cent for each rise of 
100* C. 

It is known from stratigraphic data that some bodies of 
granite crystallized at depths of 4,000 to 12,000 feet (say 1 to 4 
kilometres); and geological thermometer studies (see chapter 
IV) have shown that the temperature of deep magma prob- 
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ably never exceeds 870* C. or thereabouts. It follows from 
Goranson’s experiments that natural granitic magma, at such 
depths and pressures, may hold between six and nine per cent 
of water. This is a conclusion of the greatest importance to 
all students of rocks and ore-deposits. 

The solubility of water in basaltic magma has not yet been 
determined. T. C. Phemister has discussed the matter, bas¬ 
ing his argument on the study of the artificial system water— 
potassium-metasilicate—silica, which was examined experi¬ 
mentally by G. W. Morey and C. N. Fenner. Phemister 
concludes that the water-content of deep-seated basalt may be 
in the neighbourhood of five per cent. This has only the 
validity of a reasonable extrapolation, but in view of 
Goranson’s data and Sir Charles Parsons’ demonstration of 
the solubility of water in molten olivine, there is no reason to 
question Phemister’s estimate. 

Besides the gases that we have discussed, various solid 
substances condense and form incrustations about volcanic 
vents and fumaroles. These may be direct sublimates from 
the magma, or they may result from the decomposition of 
gases or vapours, or even from reaction between the volcanic 
gases and the country rocks. Several analyses of such 
deposits are given by A. Brun. 


V€suvius, eruption of 

Chinytro, truftian 

Vesuvius, from cinders 


1906 

of 1909 

of cone 


AljCl, (with Fe,Mn) 9-80 

NH,C1 

79*36 

FeCl, (with Mn) 1-99 

NH,F 

612 

FeCl, 

1*86 

MgCl, 

4*26 

NH^Cl 

8602 

NH,F 

9*46 

MgSO, 

21*96 

HCl 

009 

CaF, 

1*21 

NaCl 

31*60 

SO, 

016 

SiF, 

3*67 

KCl 

37*39 

CaCl, 

trace 

HCl 

3*72 

NHXl 

1*60 

SiF, 

trace 

AI.O, 

trace 

HjO and free acid 1’41 


10118 


99*27 


100*00 

The 

incrustations 

formed 

about 

the fumaroles 

in the 


Valley of Ten. Thousand Smokes, in Alaska, since the eruption 
of June, 1912, were studied by J. W. Shipley and E. G. 
Zies. The gases that issue from these fumaroles, at tempera¬ 
tures up to 646" C., are often strongly acid; sulphur trioxide, 



40 


ERUPTIVE ROCKS 


hydrochloric acid and hydrofluoric acid have all been detected 
in them. The most characteristic depbsit of the fumaroles, 
according to Shipley, is amorphous silica, which reacts for 
fluorine and is believed to have been formed by decomposition 
of silicon tetrafluoride. Another common type of incrustation 
is a mixture of gypsum or anhydrite with salt and alum. 
Ammonium chloride is abundant; it constituted 98 per cent of 
the incrustation in one case. Potash alum is also common. 
Magnetite and red ochre (hematite) are found at almost every 
vent. Some crystals of magnetite were examined spectro¬ 
scopically and chemically by E. G. Zies, and were found to 
contain the following metals in addition to iron : — 


Lead 

•005% 

Molybdenum 

•04 

Zinc 

•47 

Manganese 

•1 

Copper 

•23 

Nickel 

•01 

Tin 

•004 

Cobalt 

•02 


Zies states that lead, copper, tin, and zinc are common con¬ 
stituents of the incrustations obtained from many of the 
fumaroles in the Valley. 

Further evidence regarding the composition of the fugitive 
constituents of the magma has been obtained by studying the 
solutions and gases which are sometimes trapped within 
crystals of quartz, topaz, and other rock-forming minerals. 
The pioneer work of Humphrey Davy, Brewster, and other 
early workers in this field has lately been supplemented by 
quantitative data. H. Faber has determined the proportions of 
water and dissolved salts enclosed in crystals of pegmatitic 
feldspar and quartz with such results as these : 

In feldspar—^water 0T6% containing 18-2% of dissolved salts. 

In quartz —^water 0T6% containing 18 8% of dissolved salts. 

The dissolved salts were chiefly chlorides and sulphates of 
sodium and potassium, with some silica and a considerable 
excess of alkalis. 

W. H. Newhouse has studied the liquids enclosed in 
crystals of galena and zinc-blende in the Mississippi valley, 
and finds them to be concentrated solutions of sodium chloride 
and calcium chloride. These ob.servations bring to our notice 
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the presence of a class of fugitive substances in the magma 
which are not appreciably volatile at magmatic temperatures 
but are readily soluble in water. But for the accidental trap¬ 
ping of small quantities of these substances v.ithin growing 
crystals, we might have remained in ignorance of the presence 
of simple salts of soda and potash in the magma, since their 
great solubility must cause them to be leached out of the rocks 
and carried away by circulating ground-water. One might 
expect to find traces^of these simple salts retained in glassy 
rocks. The matter has not been specially investigated, but 
J. B. Ferguson found in an obsidian from Iceland quantities 
of combined chlorine and sulphuric anhydride equivalent to 
0*23 per cent of sodium chloride and 0T4 per cent of sodium 
sulphate. A slightly soluble fluoride of sodium (the mineral 
villiaumite) was found by A. Lacroix in the foyaite of Los 
Islands (Islas de los Idolos), West Africa. It may be added 
that Ziinckel and Hempel have shown experimentally that 
silicate melts can dissolve as much as 0*86 per cent, of sodium 
chloride. 

The possible importance of sodium carbonate in magmatic 
emanations is suggested by the presence of soda-springs and 
soda-lakes in some volcanic regions, notably East Africa. 
Lake Natron and Lake Magadi yield the mineral trona 
(NagCOa.NaHCOa) in marketable quantities; and C. W. 
Hobley reported that after the eruption of Oldoinyo N’Gai in 
1917 “the country for miles around was covered with a pall 
of grey volcanic ash and soda,” which extended as far as 
twenty-five or thirty miles from the volcano. 

Some magmas seem to hold soda in the form of sodium 
metasilicate, because analyses of soda-amphiboles and soda- 
pyroxenes often show an excess of soda and potash molecules 
over those of alumina and other sesquioxides. For example, 
an analysis of obsidian from Lake Naivasha, Kenya, by G. T. 
Prior shows 7 08 per cent of sodium metasilicate in the norm. 
The mineral pectolite, which is found in some highly alkaline 
rocks, is a double metasilicate of sodium and calcium with the 
formula HNaCa 2 (Si 03 )s- It seems, then, that the simple meta¬ 
silicate NagSiOa, which is readily soluble in water, may be 
present in the magma under certain conditions. 
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Sodium borate (borax) and boric acid (HBO,, passing over 
into HaBOs) are other water-soluble compounds found in vol¬ 
canic emanations, especially in Tuscany and California. 

Additional evidence relating to the fugitive constituents of 
the magma is to be found in the contact zones surrounding 
large bodies of eruptive rock. Studies of contact meta¬ 
morphism often demonstrate a wholesale transference of silica, 
alkalies and iron, as well as chlorine, fluorine and sulphur, 
from the magma to the country rock. Limestone contacts are 
more instructive than those which involve siliceous or alumin¬ 
ous sediments, because chemical reactions take place between 
the escaping substances and the limestone, by which the 
former are retained in the zone of contact alteration. 

In the metamorphic limestone blocks of Monte Somma, 
Italy, the following minerals containing chlorine, fluorine, 
sulphur or phosphorus are found :— 


Anhydrite (S) 
Apatite (PjF,Cl) 
Chondrodite (F) 
Clinohumite (F) 
Cuspidine (F) 
Fluorspar (F) 


Galena (S) 

Haiiyne (S) 

Humite (F) 

Lazurite (S) 
Microsommite (C1,S) 
Molybdenite (S) 


Pyrrhotite (S) 
Scapolite (Cl) 
Sodalite (Cl) 
Vesuvianite (F) 
Zinc Blende (S) 


Other well-known minerals produced in contact meta^ 
morphism, which contain elements foreign to ordinary sedi¬ 
mentary rocks, are: — 

Tourmaline (B,F) Koppite (F) 

Axinite (B) Scheelite (W) 

Sphene (Ti) Datolite (B) 

Perovskite (Ti) Topaz (F) 


It may seem that undue stress is laid upon minerals that 
are, after all, of comparatively rare occurrence even in contact 
zones. But the significance of these minerals does not depend 
on their abundance, but on the unusual elements which they 
contain and which can only be traced to emanations from erup¬ 
tive magma. As regards actual abundance, other minerals, 
such as garnets and pyroxenes, usually predominate greatly, 
in contact zones, over any of the minerals named above; but 
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then the proof that they owe any of their components to 
emanations from eruptive magma is not so obvious as it is in 
the above cases. Nevertheless, the transference of silica, iron 
and alkalies from magma to its country rock can often be 
demonstrated on an enormous scale, and to a considerable dis¬ 
tance. A noteworthy case was studied by W. Lindgren at 
Clifton, Arizona, where a very pure limestone has been altered 
into a garnet-pyroxene rock through a contact zone two 
thousand feet wide. The transformation involves large addi¬ 
tions of silica and iron to the limestone. It is interesting to 
note that the quartz crystals, in the granite which was the 
cause of the metamorphism, are full of microscopic enclosures 
of a strong solution of common salt containing an iron com¬ 
pound. Another eruptive rock in the same neighbourhood, 
which has no such enclosures, has effected very little meta¬ 
morphism of the limestone. One is forced to believe that the 
cause of the metamorphism was the escape from the magma of 
aqueous solutions containing silica and iron. 

In a similar case at Bingham, Utah, Lindgren has shown 
that the limestone has gained silica, sulphur, iron, magnesium, 
aluminium, and sodium, the additions amounting locally to 
twenty-nine per cent of the volume of the limestone. 

Striking evidence of the same kind was brought by J. F. 
Kemp from Tamaulipas, Mexico. In this mining district, 
highly acid quartz porphyries with a low content of iron cut 
very pure limestone. In the neighbourhood of the intrusions 
the limestone develops large quantities of aluminium-iron 
garnet. Kemp is driven to the conclusion that 

** from the intrusive rock has come either highly heated water-gas, or 
highly heated water itself in the closing stages, and that one or both 
of these have brought to the limestone the silica, iron oxide, and alumina 
for production of the silicates. After the production of the garnet and 
its associates was well under way, they brought in also the copper and 
iron sulphides which are the commonest ores.’* 

In the Haliburton-Bancroft area of Canada, the contact 
alteration of limestone by granite is seen on an enormous 
scale. Great intrusions of gneissose granite invade the Gren¬ 
ville limestone series, and are surrounded by contact zones 
from a quarter to half a mile wide, in which the limestone has 
largely been altered into amphibolite (hornblende-rock). In 
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an area of some 3,400 square miles, about one-fourth is under¬ 
laid by limestone and amphibolite, and the remainder by 
gneiss and amphibolite, the amphibolite making up about 
twenty per cent of the whole. The changes that have taken 
place in the contact zone are thus described by F. D. Adams 
and A. E. Barlow:— 

“ When the granite-gneiss invades bodies of the limestone, the 
changes producc^jl and the phenomena resulting from the intrusion are 
varied. The products of alteration may be divided into two classes:— 
(1) Alteration^ of the limestone into masses of granular pyroxene rock, 
usually containing scapolite, or into bodies of a fine-grained aggregate 
of scales of a dark-brown mica. (2) The intense alteration of the lime¬ 
stone along the imniediate contact into a pyroxene gneiss or an amphi¬ 
bolite. The alterations of the first class may be considered as due to 
the heated waters or va[jours given off by the cooling magma, that is, 
to be of pneumatolytic origin; while the alteration products of the second 
class probably result from ihe more immediate action of the molten 
magma itself.** 

“ A comparison of the analyses shows that the granite at first trans¬ 
fuses into the limestone silica, alumina, oxides of iron, and magnesia, 
with some alkalies and a small amount of titanic acid. As the alteration 
progresses, all these constituents continue to increase in amount. But 
in these later stages of the alteration the alumina, oxides of iron, and 
alkalies are added in relatively greater proportion than the other con¬ 
stituents, while no further addition of magnesia or lime takes place, 
the proportions of these constituents remaining essentially the same, the 
carbonic acid escaping and carrying the rest of the lime with it. This 
means, speaking generally, that pyroxene and some scapolite were first 
developed in the limestone, and that later, felspathic constituents in¬ 
creased in amount, the calcite present being removed in solution.** 

W. G. Foye, studying the same area, showed by analysis 
of the amphibolite and the unaltered limestone that the material 
gained by the limestone from the granite magma had the 
following composition :— 


SiOj . 

. 60-4% 

AlA . 

. 22-8 

FcjOj.FeO ... 

. 8*8 

MgO . 

. 1*7 

Na,0 . 

. 50 

K,0 . 

. 1*3 


1000 


When the rocks in a contact zone are shale and sandstone, 
the evidence of the addition of silica and alkalis is less con¬ 
spicuous but equally real. V. M. Goldschmidt, in his great 
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work on contact metamorphism in Norway, described the con¬ 
version of a shale containing less than one-and-a-half per cent 
of soda into a hornstone with five-and-a-half per cent of soda, 
in the contact zone of a small syenite stock of Aarvoldaas. 
More recently it has been shown that the shales around the 
Dartmoor granite in England have been enriched with both 
soda and potash. The normal shale is dominantly potassic, 
but bodies of shale which are enclosed in the granite are domi¬ 
nantly sodic. (A. Brammall and H. F. Harwood.) This 
matter is further discussed in chapter V. 

F. F. Grout has studied the contact metamorphism of the 
slates of Minnesota by the Duluth gabbro. From the follow¬ 
ing table, which shows the composition of the average shale 
and of bodies of slate which were enveloped in the gabbroic 
magma, it is evident that not only soda but lime, magnesia 
and titania were added to the slate during metamorphism. 


SiO, 

Average Shale. 

58 

Enclosures of 
slate in gabbro. 

50 

AlA 

19 

20 

FCjOj 

2 

2 

FeO 

7 

6-4 

MgO 

3 

61 

CaO 

1 

8-8 

Na,0 

1*6 

2-4 

K,0 

3*3 

1-3 

TiO, 

•2 

•8 


Grout holds that “ emanations from the magma passed 
through the sediments, adding some elements and carrying 
others away into the zone of groundwater circulation.” 

Remarkable evidence of the feldspathization of quartzite 
by magmatic emanations has been furnished by several obser¬ 
vers. W. B. Wright, in his report on the geology of the 
island of Colonsay, described and photographed boulders of 
quartzite enclosed in the marginal hornblendic phase of a small 
syenite intrusion. The boulders, which are seen in all stages 
of corrosion, are surrounded by mantles of alkali-feldspar; in 
extreme cases the whole block of quartz has been replaced by 
feldspar without losing its original angular shape. This 
occurrence has been studied afresh by D. L. Reynolds, who 
has shown with the aid of chemical analysis that there has 
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undoubtedly been a diffusion of alumina, potash and soda from 
the magma into the quartzite. Lime and iron oxides were 
found to be less diffusible and magnesia least of all. 

The feldspathization of quartzite enclosures in the Bush- 
veld Complex of the Transvaal was described by R. A. Daly. 
In this instance alumina and potash were the oxides mainly 
introduced into the quartzite. 



W. H. Collins presented striking field evidence of the 
feldspathization of large enclosures of quartzite, from one to 
six feet in diameter, by a diabasic magma at Blind River, 
Lake Huron. Some of the blocks have been converted entirely 
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into a “light-colored, coarse-grained diabase” which either 
merges insensibly into the normal diabase or may be separated 
from it by a zone of hornblende. Other blocks retain cores of 
quartzite in every stage of transformation. Chemical data are 
lacking, but the feldspar of the enclosures is oligoclase or 
andesine and that of the normal diabase is labradorite, so it is 
clear that there must have been a supply of soda, at least, to 
the reaction zone. 

W. A. Jones has studied bodies of plagioclase rock, with 
mantles of hornblende and cores of quartz, which are found in 
the gabbro of Sudbury, Ontario. These are clearly similar 
in nature and origin to the rocks described by Collins. 
(Fig. 2.) 

A. Holmes has described xenoliths of transfused quartz in 
lavas of Uganda. The product of transfusion is a glass which 
is shown to have the composition of a silica-rich potassic 
obsidian. The constituents introduced were mainly alumina, 
potash and water, with small quantities or silica and other 
oxides. 

The Importance of the Fugitive Constituents 

In reviewing the facts set out in these pages, we realize 
that the visible constituents of a rock represent only a part— 
the non-volatile and insoluble part—of the original complex 
mixture of substances that constitutes a magma: no doubt the 
larger part, and possibly ninety-nine per cent of the whole, but 
still only a part. The special importance of the remaining 
part, consisting of what we have called the fugitive con¬ 
stituents of the magma, lies in the influence that these con¬ 
stituents have upon the behaviour of the magma as a whole. 
This influence is seen especially in a lowering of the viscosity 
of the magma and a depression of the range of temperature 
within which crystallization begins and ends. The former 
effect depends upon the low melting-points of many of the 
fugitive constituents; the latter effect is the consequence especi¬ 
ally of their small molecular weight. 

An anhydrous silicate melt, especially if it contains feld¬ 
spar, is extremely viscous. The presence of gases or easily 
fusible substances in the melt greatly reduces its viscosity. 



48 


KRUPTIVE ROCKS 


This is an observation that has been made repeatedly, not only 
in the laboratory, but also in connection with the flowing lavas 
of active volcanoes. If the lava, after cooling and losing its 
gases, is reheated to the temperature that prevailed in the 
crater or lava-sheet, it does not regain its former degree of 
fluidity. For example, A. L. Day observed that the lava in 
the crater of Kilauea is still capable of slight movement at 
temperatures of about 600* C. 

A particularly neat demonstration of this fact has emerged 
from the studies of R. B. Sosman and H. E. Merwin on the 
intrusion temperature of the Palisade diabase in New Jersey. 
This rock has been intruded in the form of a sill through a 
series of shales and feldspathic sandstones, and it contains 
numerous enclosures of sandstone which show no signs of 
fusion. Yet experiment shows that the sandstone melts at 
about 1150* C., while the diabase is not readily fluid until the 
temperature rises above 1200* C. Clearly the diabase must 
have been fluid at the time of intrusion, yet its temperature was 
well below 1160* C. 

The second function performed by the fugitive con¬ 
stituents is that of lowering the freezing range of the magma. 
It is well known that the effect of dissolving a salt in water is 
to lower the freezing point of the solution, the degree of lower- 
ing being proportional to the quantity of salt added. This is 
sometimes known as Blagden’s Law, but it is better stated in 
the more generalized form given to it by Raoult: — 

“ Every substance, solid, liquid or gaseous, when dissolved in a 
definite liquid compound capable of solidifying, lowers its freezing point." 
(Raoult-Biagden Law.) 

To this may be added the further extension known as 
Raoult’s Law:— 

" In a constant weight of a given solvent, all the physical mole¬ 
cules, whatever their nature, produce the same lowering of the freezing 
point." 

What is true of other liquids in this respect is true of a 
silicate magma. The presence in it of the volatile substances 
which we have described has the effect of depressing the freez¬ 
ing point of the magma below that of a pure silicate melt. 
The amount of depression depends entirely on the mass of the 
substances in question: a quantity which, as we have seen, we 
possess no means of estimating. But since water, hydrochloric 
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and hydrofluoric acids, and other fugitive constituents of the 
magma are compounds of low molecular weight, and since the 
effect depends only on the number of molecules present, it is 
clear that the depression of the freezing point may be much 
larger than the absolute quantity of these substances in the 
magma would lead us to expect. 

G. W. Morey (^1) has heated silicate glasses along with 
water in gas-tight bombs, and has obtained mobile liquids at 
temperatures considerably below the melting point of the dry 
glass. Many other illustrations of this effect will be given in 
a later chapter. 

We have already discussed the fact that, on the whole, 
deep-seated rocks seem to have completed their crystallization 
at lower temperatures than lavas. It is not unreasonable to 
connect this with the greater concentration of fugitive sub¬ 
stances in deep-seated magma. 

A third function which the fugitive constituents perform 
is that of determining which of several possible minerals shall 
actually crystallize from the magma at a given stage. About 
half of the rock-forming minerals have the power of crystalliz¬ 
ing from dry melts in the absence of any flux. The other half, 
either because they build very complex molecules or because 
the elements of water or another fugitive substance enter into 
their constitution, can only be induced to crystallize in the 
presence of water or a suitable flux. These two groups are 
commonly described as pyrogenetic and hy data genetic (fire- 
formed, water-formed) respectively. 'Fhe latter term must not 
be interpreted too literally, but only as meaning that the 
minerals to which it is applied crystallize more readily in the 
presence of water. The chief members of the two groups are 
named below. 


Pyrogenetic. 

Anorthite; all lime-rich feldspar 

All pyroxenes except aegirine 

Olivine 

Nepheline 

Leucite 

Melilite 

Tridymite 

Magnetite 

Ilmenite 

Pyrite 


Hydato genetic. 

Quartz 

Orthoclase, Microcline 

Albite, all soda-rich feldspar 

All amphiboles 

All micas 

Most garnets 

Tourmaline 

i^girine 

Sodalite, cancrinite 
Analcime 



50 


ERUPTIVE ROCKS 


Whether pyrogenetic or hydatogenetic minerals are 
formed by the crystallization of a particular magma must 
depend to some extent on the concentration of the fugitive 
constituents in that magma. If freezing takes place under 
such conditions that these bodies are not permitted to escape, 
and therefore attain a high concentration in the residual 
magma, then the last minerals to be formed will be hydato¬ 
genetic, that is, a stage of pyrogenetic mineralization will be 
followed by one of hydatogenetic mineralization. But if freez¬ 
ing takes place with rapid loss of fugitive constituents, as it 
does in lava, then crystallization will be mainly of the pyro¬ 
genetic type, ending sometimes with the formation of an un- 
crystallizable glassy residue. 

Water and Volcanic Action 

G. W. Morey (3) has discussed the effect of the rise of 
vapour pressure that accompanies the crystallization of a melt 
containing volatile and non-volatile components. He shows 
the reality of the phenomenon by giving experimental data 
relating to the systems water—^potassium-nitrate and water— 
potassium-metasilicate—silica. For instance, if potassium 
metasilicate at its melting-point is saturated with water at a 
pressure of one atmosphere, it takes up about one per cent of 
water, which is enough to lower its melting-point by 35® C. 
If the saturated liquid is cooled quickly it becomes super¬ 
saturated; the molten aqueous glass remains liquid until 
cooled several degrees below its melting-point. Then bubbles 
begin to form within the melt, which quickly swells into a 
pumiceous mass, increasing many times in volume and over¬ 
flowing the crucible that contained it. Morey considers that 
these observations afford a complete analogy to the paroxysmal 
discharge of gases from volcanic vents. 

R. W. Goranson (2) has since studied the systems albite- 
water and orthoclase-water, and shows that tremendous 
pressures may be produced by the crystallization of these 
systems. The system albite-water, at 1100® C. and 606 bars 
(equal to a depth of 2} kilometres) holds 4*2 per cent of water. 
On cooling the system, albite begins to crystallize at 960* C., 
and when the temperature has fallen to 819* C. more than half 
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of the albite has crystallized, leaving a liquid that contains 9*5 
per cent of water. The pressure is now 3,000 bars, and con¬ 
tinued crystallization must raise it to five or six thousand bars. 
** There is here,” Goranson writes, ” a mechanism for develop¬ 
ing all the pressure a volcanologist may desire.” 
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According as henceforward I shall have the means of 
making more or fewer exfestments, / shall in the same 
frofortion make greater or less progress in the know¬ 
ledge of nature .— Descartes. 


CHAPTER IV 

TEMPERATURE AND PRESSURE IN THE MAGMA 

We have discussed the composition of eruptive rocks, both 
qualitatively and quantitatively; we have described the fugitive 
constituents of the magma, chiefly in a qualitative way; from 
the data so gathered we must form the best Jdea we can of the 
composition of a body of magma before freezing sets in. The 
magma, at this stage, is a solution of silicates of eight or more 
common metals, together with smaller quantities of other com¬ 
pounds such as titanates, phosphates, and sulphides, and with 
an unknown content of certain volatile and water-soluble com¬ 
pounds, including water itself and either free or combined 
carbonic acid. 

After the composition of the magma, we are concerned to 
know its temperature, and the pressure under which it is 
confined within the earth-crust. 

The temperature of the magma, when it finds its way to 
the surface and issues as lava, can be measured directly, 
although the process is attended by some difficulty and dan¬ 
ger. Direct methods are not available for deep magma, so 
we fall back upon indirect methods depending upon certain 
mineral transformations. Before we can apply these satisfac¬ 
torily, it is necessary to know the pressure under which the 
magma crystallized. Now the pressure that prevails in a 
magma-reservoir has three distinct components. The chief of 
these, unless the magma has climbed very nearly to the sur¬ 
face, is the weight of the overlying layer of rock. This may 
be estimated at about 400 atmospheres per mile below the sur¬ 
face. It is open to question whether any body of rock, now 
visible at the surface of the earth, crystallized at a greater 
depth than—say—three miles. Clearly, the greater the depth 
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of consolidation, the more erosion must have taken place before 
the rock was laid bare, consequently the more incomplete the 
stratigraphical evidence by which alone the depth of consoli¬ 
dation can be judged. For this reason J. C. Ward was unable 
to decide between quantities so different as 12,000 feet and 
30,000 feet, for the depth of consolidation of the granites of the 
Lake District of England. The roof of the Finmarken granite 
laccolite, in Norway, was about 1,600 metres thick, according 
to W. C. Brbgger, who also says it is “ absolutely certain ” 
that the laccolithic granite of Drammen crystallized within 2000 
feet from the surface. J. Barrell showed that the Marysville 
batholith of Montana lay originally within 4,000 feet from the 
surface; and Leith and Harder gave the same figure for the 
Iron Springs laccolite in Utah. D. L. Scholtz finds that the 
gabbro of East Griqualand, South Africa, crystallized beneath 
a load of 10,000 feet of sediments. It is likely, therefore, that 
in the case of all intrusions except perhaps the largest and most 
ancient batholiths, the pressure due to the weight of the roof 
did not exceed 1200 atmospheres in the upper part of the reser¬ 
voir at the time freezing took place, and that it was generally 
a good deal less than that. 

It must be said, however, that F, F. Grout has lately 
brought forward evidence that parts of the Saganaga granite 
batholith in Minnesota, now exposed at the surface of the 
earth, were at one time as much as twenty-five miles below the 
surface. The evidence is deduced from the structural features 
of the batholith and may perhaps be open to a different inter¬ 
pretation. P. Eskola (1) has contended that the greatest depth 
at which rocks of Archean age, now exposed at the surface, 
can formerly have lain is about 20 kilometres (12J miles); for 
most rocks he believes the depths to have been much less. 

The second component of the total pressure is the vapour- 
pressure of the dissolved gases (water vapour, carbon dioxide, 
etc.). So little is known of the concentration of gases in 
natural magmas that it is impossible to form a satisfactory 
measure of this component. If the concentration is low 
enough, the vapour pressure may be negligible in comparison 
with the pressure of the overlying rock; but when the magma 
begins to crystallize, the whole of the gases become concen- 
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trated in the diminishing residue of liquid, and the vapour 
pressure must rise steadily, unless the gas is able to escape by 
way of openings in the roof and walls of the reservoir. 

The third component of the total pressure only comes into 
operation if the viscosity of the magma is so high as to pre¬ 
vent it from accommodating itself at once, by change of shape, 
to lateral pressure such as that which accompanies mountain¬ 
building movements. Since all available evidence indicates a 
high degree of fluidity in the magma, this factor will not be 
effective until the magma has nearly completed its crystalliza¬ 
tion. 

If the pressure prevailing within a magma reservoir is 
difficult to estimate, the temperature is still more uncertain. 
Sorby’s method, already referred to, was based on measure¬ 
ment of contraction undergone by the fluid enclosures in quartz 
crystals; it yielded values ranging from 300® to 350® C. This, 
as well as Lehmann’s estimate of 500® C., refers to highly 
siliceous rocks such as granites and trachytes. The method of 
F. E. Wright and E. S. Larsen, which depends on the use of 
quartz as a “ geological thermometer,” points to the majority 
of the quartz-bearing rocks having crystallized between 573® 
and 870® C. The principle of the method may be explained 
briefly. 

The mineral which we know as quartz varies slightly in 
crystalline form according to whether it was formed at a tem¬ 
perature above or below 573® C. The kind of quartz formed 
below 573® C. is known as o-quartz, and the high temperature 
variety as j8-quartz. 

** If at any time in its history a particular piece of quartz has passed 
the inversion point and been heated above 675®, it bears ever afterwards 
marks potentially present which on proper treatment can be made to 
appear, just as an exposed photographic plate can be distinguished at 
once from an unexposed plate on immersion in a proper developer, 
although before development both plates may be identical in appearance.** 
(Wright and Larsen.) 

The critical points in the discrimination of the a and 0 
forms are as follows:— 

For the a form (low quartz); (1) presence of faces of the 
trigonal trapezohedron; (2) unequal development of the 
rhombohedral faces; (3) twinning lines regular and 
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sharply marked; (4) intergrowths of right- and left- 
handed forms frequent and regular; (6) habit of 
crystals is prismatic; (6) absence of cracks. 

For the P form (originally high-quartz, now transformed to 
low-quartz): (1) absence of faces of trigonal trapezo- 
hedron; (2) equally developed pyramid faces; (3) twin¬ 
ning lines very irregular; (4) intergrowths of right- 
and left-handed forms very irregular; (5) habit is 
pyramidal; (6) crystals are much cracked. 

The granites and granite-porphyries which were tested by 
Wright and Larsen showed as a rule the presence of j8-quartz; 
the only specimens of a-quartz were derived from pegmatite 
veins. 

A. E. Fersmann has shown that in the inicrocline-quartz 
pegmatites of Mursinka, Ural Mts., th«i stems of the quartz 
crystals are (or were) jS-quariz, but the heads of the crystals, 
where they project into cavities, were a-quartz from the 
beginning. 

E. S. Bastin used the method of Wright and Larsen to 
determine the crystallization temperatures of the gem-bearing 
pegmatites of Maine; he reached the following conclusions: — 

“ . . . . Although many of the finer-grained pegmatite masses and 
most of the graphic intergrowths of the coarser pegmatites crystallised 
at temperatures above 575®, the coarser and more siliceous portions— 
the portions characterised by the cavities, and hence presumably richer in 
gaseous or fluid constituents—crystallised at temperatures below 575®. 
The portions characterised by high and low temperature quartz are com¬ 
monly so intimately associated in the same pegmatite mass that it seems 
unreasonable to assume great differences in the temperature of crystallisa¬ 
tion of different portions. It is probable, therefore, that the whole mass 
of many of the coarser pegmatites crystallised not far from the inversion 
point of quartz; that is, not far from 675® C.” 

R. E. Gibson has studied the effect of pressure on this 
inversion point. At a pressure equal to a depth of 10 km. the 
inversion temperature was raised to 644®. 

V. B. Meen has found both high-quartz and low-quartz 
in auriferous quartz veins in Canada. 

E. F. Holden has shown that rose-quartz, a variety which 
occurs in some pegmatites and which owes its colour to man¬ 
ganese, is decolorized by heating to about 575® C., and that 
quartz formed above that temperature is colourless, even when 
it holds enough manganese to have given it a rose colour. 
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Quartz transforms at 870* C. into tridymite. Observation 
shows that while tridymite is a fairly common constituent of 
acid lavas, it never appears in plutonic rocks. It is found, too, 
that quartzose rock fragfments which have been picked up by 
flowing lava often have their quartz changed to tridymite. 
Similar enclosures are very common in plutonic rocks, but in 
these the transformation is not observed. Thus it seems 
that we are confined to 870® C. as the upper limit of the tem¬ 
perature experienced, during the period of crystallization, by 
the more siliceous deep-seated magmas. But since there is a 
considerable difference in density between quartz and tridy¬ 
mite, the transition point ought to be raised by pressure. C. N. 
Fenner has discussed this point, but finds it impossible to form 
any reliable measure of the effect. V. M. Goldschmidt sug¬ 
gests that an increase of pressure by 400 atmospheres may 
raise the transition point by 100® C. or more, but Wright and 
Larsen think it probable that “ pressure has but a slight effect 
in raising or lowering such an inversion point, and that when¬ 
ever quartz appears in nature it was formed at a temperature 
below 870®.** (800® in the original paper, but afterwards cor¬ 
rected to 870®.) 

Larsen has since suggested that the inversion temperature 
may be varied about 100® C. by a pressure of 1,000 atmos¬ 
pheres, but this is no more than guesswork. 

A further application of the “ geological thermometer ** 
principle is possible when limestone occurs in contact with an 
eruptive rock or among the fragments enclosed in the latter. 
Under moderate pressure the reaction 

CaCOs + Si02<==^CaSi03(wollastonite) + CO2 
moves towards the right above 600®. The effect of higher 
pressures upon the temperature of reaction is shown in Fig. 3, 
after V. M. Goldschmidt. It will be seen that if the pressure 
under which a given rock crystallized can be estimated from 
stratigraphic data, then the presence or absence of wollastonite 
in the contact zone will enable one to set either a lower or an 
upper limit to the temperature of the magma at the place of 
contact. P. Eskola (2) points out that the association of quartz 
with calcite at such a contact proves conclusively that the trans¬ 
formation temperature was not reached, but the appearance of 
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Wollastonite does not prove the contrary, for it may be formed 
at temperatures below the transformation curve if silica meets 
lime in other form than the carbonate, and no free carbon 
dioxide is present. Eskola finds that wollastonite is rare in the 
contact-altered Archaean limestones of Finland, but quartz is 
often present. It should be noticed that the temperature in¬ 
dicated in this way is not the freezing temperature of the 
magma, or that of any of its constituents, but is the maximum 
temperature which prevailed at any time during which the 
magma and the limestone were in contact. 



Fig. 3. The stability-curve of calcium carbonate and silica. (V. M. 
Goldschmidt.) 


R. B. Sosman has described a peridotite dyke which cuts 
a coal seam in Pennsylvania and contains fragments of coal. 
From the behaviour of these fragments when heated, compared 
with that of coal from the same seam where it has not been 
affected by the intrusion, it is possible to deduce that the maxi¬ 
mum temperature of the peridotite “ magma ** can hardly have 
exceeded 500® C. It is clear that the injected fluid was not 
melted olivine, and Sosman thinks it may have been “ a mass 
of crystals lubricated by very thin films of a liquid which is 
not a silicate melt but is simply water, or a water-solution at a 
temperature far below the melting temperature of any rock.” 
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C. W, Wright studied the production of garnets in the 
contact zones between granitic rocks and limestone. These 
garnets are often birefringent, and Wright reports that “ ex¬ 
periments made with this garnet by Dr. Merwin show that it 
loses its birefringence after it has been heated for a few hours 
at 800® C., and does not regain it after several hours heating at 
600®. This fact indicates that most of the metamorphism took 
place at temperatures lower than 800® C.** 

A further point on the geological thermometer scale is 
fixed by the irreversible transformation of wollastonite to 
pseudo-wollastonite, which takes place, according to the 
Geophysical Laboratory, at 1150® C. and is practically un¬ 
affected by pressure. Pseudo-wollastonite is unknown in 
nature, although it is commonly formed in furnace slags. Only 
wollastonite is formed by the contact metamorphism of lime¬ 
stones, from which we may conclude with a close approach to 
certainty, that the various magmas which have effected this 
kind of metamorphism in limestones were intruded at tempera¬ 
tures lower than 1150® C. 

A similar conclusion is indicated by the study of the trans¬ 
formation nepheline-carnegieite, which takes place at 1248® C. 
N. L. Bowen writes that “ in the event of the discovery of a 
natural carnegieite, its crystallisation above 1200® could be 
asserted with but little fear of error.’’ But carnegieite has not 
been identified in nature, and Bowen concludes that most 
natural nepheline crystallized as such. 

The dissociation of orthoclase into leucite takes place at 
1170® C. (Morey and Bowen). This is a useful maximum for 
orthoclase-bearing rocks; and the discovery that natural leucite 
inverts and becomes birefringent at 603® C. affords a minimum 
for rocks containing birefringent leucite. Bowen and Schairer 
(2) have also shown that acmite (aegirine) melts incongruently 
at 990® C. This temperature must be lowered by the presence 
of feldspars, nepheline, and other minerals that are commonly 
associated with acmite in rocks. Later work by the same scien¬ 
tists (3) demonstrates that the rhombic pyroxenes crystallize 
between 1140* (pure MgSiO,) and 955® C. (pure FeSiOs). 
Since the rhombic pyroxenes are minerals of early crystalliza¬ 
tion, this observation sets an upper limit to the freezing range 
of a large class of rocks. 
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An Upper limit to the range of magmatic temperatures is 
also indicated by observations made on the diabase (dolerite) 
sill of the Palisades of the Hudson, New Jersey, which is 
intrusive in a series of feldspathic sandstones and shales and 
holds many fragments of these. The melting temperature of 
these rocks was determined by R. B. Sosman and H. E. 
Merwin, who found that both the sandstone and the shale were 
more than half-melted after heating for seventy-five minutes at 
1160* C. Yet fragments of these rocks which were completely 
enveloped by the magma retain their original structures and 
show no sign of having been fused, thus proving that the 
intrusion temperature of the diabasic magma was below 
1160* C. 

A. L. Day and E. T. Allen have ascertained that the 
biotite in the lava of Lassen Peak, California, begins to decom¬ 
pose at 840* C., and melts at 1050* C., under atmospheric 
pressure. The crystallization of the biotite must therefore 
have taken place at a temperature lower than 840* C., unless 
this transformation point is greatly affected by pressure, 

A new and very valuable fixed point has been added to 
the geological thermometer by the work of three Japanese 
petrologists, S. Kozu, B. Yoshiki, and K. Kani, who have 
shown that common green hornblende transforms at 750* C. 
into a dark brown variety which is identical in its optical pro¬ 
perties with the so-called “basaltic-hornblende,” well-known 
in many basic lavas. This temperature is therefore the maxi¬ 
mum at which the crystallization of green hornblende can have 
taken place in such rocks as rhyolite, trachyte, andesite. The 
further discovery that brown hornblende dissociates at about 
1050* C. establishes a maximum temperature for all horn- 
blendic rocks. 

Very high estimates have sometimes been made of the 
temperature of flowing lava. J. Friedlander, for example, 
heated pieces of lava in the laboratory until they showed the 
same degree of luminosity as the active lava previously ob¬ 
served in the craters of Kilauea and Savaii, and concluded that 
the temperature of the latter must have been above 1600* C. The 
method is clearly a very gross one, but besides that. Day and 
Shepherd showed that combustion of gas is taking place all 
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the time at the surface of the lava lake in Kilauea, so that the 
surface layer must be expected to show a considerably higher 
temperature than the lava underneath. T. A. Jaggar has since 
made actual measurements of the temperature of the lava at 
Kilauea, both at the surface and beneath it. He found that 
in lava fountains and domes where active combustion of gas 
was going on, the temperature rose as high as 1350° C.; but 
three feet below the surface of the lava the temperature was 
only 750° to 850° C. Jaggar’s procedure was to put Seger 
cones of known melting point into steel pipes, and thrust these 
down into the active lava. His measurements, although still 
rather rough, are far more reliable than any of the earlier 
estimates. 

G. W. Tyrrell has tried to estimate the intrusion-tempera¬ 
ture of a basalt dyke on the island of Arran, Scotland, by the 
effect it has had on enclosed fragments of pitchstone. The 
latter rock contains well-formed crystals of quartz, orthoclase 
and andesine, in a glassy base. The orthoclase crystals have 
been partly melted; the andesines are only slightly affected; 
the quartz crystals are cracked but not melted. Pure ortho¬ 
clase dissociates at about 1170° C.; andesine (AbjAn) melts 
about 1375° C., so Tyrrell concludes that the temperature of 
the basalt was between these limits. The argument is scarcely 
conclusive, since the product of melting was not analysed—it 
might, for example, be a quartz-orthoclase eutectic, with a 
melting point considerably lower than that of pure orthoclase— 
so no great value is to be attached to these figures; yet the 
observations certainly indicate that the temperature of the 
basalt was higher than that of any known plutonic magma. 

H. A. Brouwer has observed the melting of quartzite en¬ 
closures in the andesitic lavas of Merapi, Sumatra, and the 
conversion of quartz into tridymite. The melting point of the 
quartzite is not known, and it cannot be assumed to be the 
same as that of pure quartz, so the observations only prove 
that the temperature of the lava exceeded 870° C. A. Sigmund 
Kas recorded the melting of quartz grains in a magma-basalt 
at Furstenfeld, Austria. Each grain is surrounded by a 
mantle of yellowish glass, but clearly this is explained more 
readily by solution than by melting of the quartz, and it is not 
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clear that the temperature was above the tridymite transforma^ 
tion-point. On the other hand, H. H. Thomas describes 
dykes in Mull, Scotland, which have attacked the quartz grains 
of invaded sandstones, and have given rise to tridymite fringes 
round the undissolyed portions of the grains. With cooling, 
the tridymite reverted to quartz, but the shape of the tridymite 
crystals was retained, proving that the transformation point 
was passed. 

An observation which seems to demonstrate an unusually 
high temperature in lava was made by A. Amstutz. An olivine- 
basalt at Dorgali, in Sardinia, encloses fragments of biotite- 
granite, which have been recrystallized with formation of 
leucite. If the leucite was formed at the expense of biotite, the 
temperature need not have been higher than about 1000° C.; 
but if it was formed from orthoclase, as is likely, then the tem¬ 
perature must have been in the neighbourhood of 1170° C. 

V. M. Goldschmidt (2) has described enclosures of granite 
in lavas of Spitzbergen, in which the biotite has been melted, 
producing a pale brown glass full of needles of ortho-pyroxene. 
These lavas were accordingly hotter than the transformation 
point of biotite (840° C. or more), but not so hot as the disso¬ 
ciation point of orthoclase (1170° C.). A somewhat similar case 
was recorded by A. Knopf in Owens Valley, California. 
Granodiorite was invaded by basalt which was hot enough to 
dissociate biotite but not to dissociate orthoclase. 

P. Ramdohr (1) has described enclosures of zinc-blende in 
basalt and has shown that the transformation temperature of 
zinc-blende into wurtzite, lying between 880° and 1020° C., 
was exceeded by the basalt. In another paper, Ramdohr (2) 
describes drop-shaped particles of metallic iron which are en¬ 
closed in basalt from Greenland; it is concluded that this basalt 
must have attained the temperature of 1145° C. at least. 

Summarizing the matters discussed in this chapter, we 
may say that there is an entire lack of evidence that any body 
of deep magma ever had a temperature higher than 1170° C., 
or that it even approached that temperature; in very many 
cases the temperature does not seem to have exceeded 870° C. 
In the case of surface magma (lava) the top layer may be heated 
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up, by gas reactions and oxidation, to 1300* C. or more, but 
there is no reason to think that the body temperature of lava 
ever reached such a figure. It may be granted, however, that 
surface magma, and small bodies of magma in dykes near the 
surface, may show appreciably higher temperatures than deep 
magma. 

The Geological Thermometer 

Digren C. 

1340 Calcite melts (under pressure of 1000 atmospheres of 
COJ. 

1300- 

1248 Transformation of nepheline->carnegieite. 

1200 - 
1175 
1150 
1140 
1100 - 

1080 Dissociation of brown hornblende. 

1000 - 

990 Dissociation of acmite. 


900- 

870 Quartz->tridymite inversion. 

840 Dissociation of biotite (at Lassen Peak). 

Talc-^enstatite +liquid under 1 atmosphere. 

800- 

750 Transformation of green into brown hornblende. 
700- 


600- Minimum for leucite showing polysynthetic twinning. 
575 Transformation a-quartz -> /3-quartz. Maximum for 
rose-quartz. 

Magnet!te->hematite (in presence of oxygen). 

500- Wollastonite formed from CaCOj and SiO, under 
moderate pressure (12 atmospheres). 


400-1 Transformation marcasite-^pyrite. 


Incongruent melting of orthoclase. 

Transformation of wollastonite-^pseudo-wollastonite. 
Transformation of enstatite->clino-enstatite. 
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They are ill discoverers who think there is no land, when 
they can see nothing hut sea .— Francis Bacon. 


CHAPTER V 

THE MAGMA AND ITS WALLS 

We may now turn to the consideration of a body of deep 
magma which is exposed to such conditions of temperature and 
pressure as we have discussed in these pages. It is contained 
within a chamber whose walls are formed of rocks of familiar 
character; that is, of eruptive rocks such as granite and 
diabase, and of siliceous, aluminous and calcareous sediments, 
or the metamorphic equivalents of these. A question of funda¬ 
mental importance now arises: to what extent is the composi¬ 
tion of the magma modified by assimilation of the containing 
walls ? 

The answer to this question depends in the first place upon 
what we mean by assimilation. If we mean dissolution—that 
is, the passage of foreign solids into a liquid system which 
remains wholly liquid—then it seems that this can only take 
place to a small extent in nature, for it depends on the presence 
of superheat in the magma; that is, on the difference between 
the initial temperature of the magma and the temperature at 
which freezing sets in. From the data given in Chapter IV 
we are justified in concluding that deep-seated magma ordi¬ 
narily has no great store of superheat. 

It is not likely that any experienced petrologist who has 
discussed the assimilation of country rock by deep magma has 
ever thought of the process as one of simple solution or melt¬ 
ing. One gathers that the prevailing idea, though often 
vaguely expressed, has been that of reciprocal action between 
the magma and the solid rock, by which the magma gained 
certain constituents while giving up others to the solid. The 
expression “osmotic reciprocal reaction “ was applied to this 
process by H. J. Johnston-Lavis in 1894. 

In an account of the Glen Dubh granite in the island of 
Arran, written in 1903, A. Harker (1) described dark en- 
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closures in the granite which he declared to have been “ totally 
reconstituted, not merely by metamorphism but by interchange 
of material between them and the surrounding magma.** 

J. J. Sederholm, too, when describing the assimilation of 
diabase by granite at Wiborg, Finland, showed that the granite 
was enriched with plagioclase and hornblende while the dia¬ 
base enclosures were acidified by the granite magma. He 
summarized the matter in the following words: “The com¬ 
position and stfucture of the rock show that its material has 
been derived from the neigliboring basic rock by refusion or 
resolution, and that there has been a continuous adjustment of 
its composition, whereby reactions have also taken place 
between the neighboring minerals.** It should be observed 
that although Sederholm uses the words refusion and resolu¬ 
tion he clearly does not imply the disappearance of the solid 
phase. 

A. Lacroix, in his account of the granite of the Pyrenees 
and its contact-phenomena (1898) appears to use the nouns 
dissolution and assimilation in the same sense; but then 
Lacroix, following in the footsteps of Michel-L6vy, links the 
modification of the granite so closely with that of the sur¬ 
rounding sediments that his idea seems to be very similar to 
the “ reciprocal reaction *’ of Johnston-Lavis. 

Petrologists are certainly to blame for having used such 
terms as solution, fusion, assimilation, and incorporation with¬ 
out fully explaining their meaning; but the references just 
made show that among the leaders of petrology the idea of a 
simple “melting in** of the solid phase was not generally 
upheld. 

N. L. Bowen has clarified the idea expressed by Lavis, 
Harker and Sederholm and placed it on a sound chemical 
basis. He has shown that in many chemical systems, equili¬ 
brium between the solid and liquid phases can only be main¬ 
tained by reaction between solid and liquid throughout the 
period of crystallization. Thus in the system albite-anorthite 
(page 93) the early formed crystals are rich in anorthite, but 
as cooling progresses these crystals react with the remaining 
liquid and become progressively richer and richer in albite 
until freezing is completed Thus the plagioclase feldspars 
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constitute a continuous reaction series. But if, with falling 
temperature, a phase ceases to be stable and transforms into 
something entirely different, as forsterite into enstatite or pyro¬ 
xene into amphibole, then we have a discontinuous reaction 
series. The most complete example of such a series is given 
by the magnesian minerals 

olivine->rhombic pyroxene->monoclinic pyroxene-^ 
hornblende->biotite. 

Each mentber of this series tends, as crystallization pro¬ 
gresses, to transform into a later member which is in equili¬ 
brium with the changed conditions of temperature and con¬ 
centration in the residual liquid. It follows that a liquid 
which is supersaturated with regard to one member of the series 
cannot dissolve any of that member but can react with it in 
such a way as to convert it into a later member of the series, 
with which, at the moment, the liquid is in equilibrium. In 
this process the solid phase will not disappear but it will be 
made over into a different solid phase; in short it will be meta¬ 
morphosed ; and the liquid phase will also suffer a change in 
composition. Thus a granitic magma, saturated with regard 
to biotite, cannot dissolve olivine, pyroxene or hornblende, but 
can and will react with these minerals, converting them into 
biotite. To effect this change no heat is required, for the 
crystallizing phase gives up as much heat as the disappear¬ 
ing phase takes in. Bowen calls this process “ reactive solu¬ 
tion and precipitation,** and he considers it possible for a 
magma that lacks superheat to take up considerable quantities 
of foreign matter in this way. 

It is clear that there are three processes by which foreign 
matter may be taken up by a liquid magma, namely 

(1) Mechanical incorporation of solid particles without any 
chemical change; 

(2) Reactive solution and precipitation; involving the re¬ 
placement of one solid phase by another solid phase; 

(3) Total dissolution, the solid phase disappearing alto¬ 
gether. 

It is very desirable that these three processes should re¬ 
ceive distinctive and unequivocal names. Loosely speaking, 
the term “ incorporation ** might be applied to all three of 
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them, and “ assimilation ” to two; but much would be gained 
if we could agree to restrict “ incorporation ** to the first pro¬ 
cess, “assimilation” or perhaps “cross-assimilation” to the 
second, and “ dissolution ” to the third. 

Instances of mechanical incorporation are numerous; they 
are to be found on a larger or smaller scale at almost any in¬ 
trusive junction. The dolerite dyke shown in Plate II is 
crowded with angular lumps of quartz often several inches in 
diameter. In rising through the granite which forms the 
country rock, the dolerite appears to have followed a channel 
provided by a reef of quartz or pegmatite; and lumps of quartz 
and feldspar, breaking away from the walls, were enveloped 
in the rapidly cooling magma with little or no alteration. In 
other instances the enclosed grains are smaller and then their 
foreign origin is less obvious. Some basalts contain quartz 
grains which have been regarded as crystallizations from the 
magma, and indeed it is sometimes difficult to prove that they 
are not so. The kimberlite of the South African diamond 
mines contains rounded grains of garnet, enstatite, diopside, 
and other minerals which were at one time regarded as crystal¬ 
lizations from the magma that formed the kimberlite. Later 
studies have shown conclusively that these are foreign bodies 
picked up by the rising magma from the country rocks through 
which it broke its way. 

A remarkable rock which was described by A. G. Hogbom 
(1) in Angermanland, Sweden, consists of large anorthite 
crystals lying in a base of quartz and orthoclase. Hogbom 
shows that this rock was formed by the invasion of a coarse¬ 
grained anorthosite (plagioclase-rock) by a granitic magma 
which insinuated itself between the large feldspars of the 
anorthosite and crystallized there. R. S. Cannon has described 
large crystals of andesine in a quartz-syenite of the Adirondack 
Mts., New York, and advances the same explanation. 

Although mechanical incorporation has been the dominant 
process in these instances, and in many others that could be 
cited, yet some degree of reactive solution and precipitation can 
generally be demonstrated in addition, if only on a microscopic 
scale. The purely mechanical orocess possesses little interest, 
except in so far as it provides us with petrographical puzzles 
like those just described. 
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Evidence of simple dissolution of country rock is scanty, 
and it is confined to rocks formed at or near the surface of the 
earth. Although we may not assume much superheat in deep 
magma, yet the observations of T. A. Jaggar at Kilauea show 
that there may be considerable super-heating of surface lava in 
consequence of gas reactions. The temperature of the gases 
escaping from domes on the surface of the lava lake at Kilauea 
ranged from 1100® to 1350® C., and it was repeatedly observed 
that any increase in the quantity of gas discharged was accom¬ 
panied by an increase in the surface temperature of the lake. 
This must be the explanation of the often-repeated observation 
that fragments of rock enclosed in active lava have sometimes 
been melted. A. Lacroix recorded the melting of granite by 
andesite on Santorin, forming a perlitic glass. The melting of 
granite in contact with basalt or diabase has been described by 
J. S. Flett, L. Hawkes (1), and A. Laitakari; in each case 
the action was on little more than a laboratory scale. Melt¬ 
ing on a larger scale has lately been recorded by Larsen 
and Switzer in San Diego county, California. A mass of 
granodiorite measuring about 50 x 40 feet is enclosed in a plug 
of andesite and has been almost half melted. Alkali-feldspar 
and biotite have disappeared; hornblende has been trans¬ 
formed into augite; and the product is a rock that looks like 
obsidian and consists of crystals of quartz, plagioclase and 
augite set in a black glass. In this case there is no evidence 
of mixing between magma and melt; but in Owens Valley, 
California, A. Knopf was able to show that a body of olivine- 
basalt, intruded into granodiorite, has developed a base of clear 
brown glass by melting and dissolving the minerals of the 
granodiorite. 

J. P. Iddings observed the converse process, melting and 
dissolution of solid basalt by liquid rhyolite, in the Yellow¬ 
stone Park. C. N. Fenner (1) has made a close study of the 
latter phenomenon and has described a series of hybrid rocks 
resulting from it. One of these had a composition corre¬ 
sponding to 30 parts of basalt in 70 parts of rhyolite; another 
corresponded to 69 parts of basalt and 31 parts of rhyolite. 
Under the microscope the hybrid rocks showed corroded 
crystals of olivine, pyroxene and labradorite derived from the 
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basalt, together with insets of quartz and orthoclase belonging 
to the rhyolite, all of these being scattered through a fine¬ 
grained groundmass of hybrid origin, composed of pyroxene, 
ore, oligoclase and orthoclase. It should be added that R. E. 
Wilcox believes the effect to be due to the interaction of two 
hot liquids rather than the solution of solid basalt by liquid 
rhyolite; but Fenner (2) gives strong field evidence in support 
of his contention. The difficulty of arriving at the true inter¬ 
pretation is brought out by L. Hawkes (2) who has tried to 
reconcile the two views. Similar observations were made by 
Fenner at Novarupta volcano in Alaska, but here the evidence 
of dissolution of basalt is even more complete for the product is 
largely a frothy glass having the chemical composition of an 
acid andesite. Fenner can offer no indication of the source 
of heat beyond the suggestion of exothermic reactions con¬ 
nected with the escape of gases from the rhyolitic lava. 

It must be admitted, then, that simple melting and dis¬ 
solution of foreign rocks is not impossible, although it is prob¬ 
ably restricted to magma that has risen nearly or quite to the 
surface. 

Evidence of assimilation of country rock by magma, in the 
sense defined on page 67, is widespread, although the recogni¬ 
tion of this fact has been long delayed by the very character of 
the reaction. The tendency of cross-assimilation is to produce 
the same phases both in the magma and in the country-rock; 
thus it may be impossible to distinguish the products of re¬ 
active solution and precipitation from the products of normal 
crystallization. A further difficulty which arises out of this 
one is that in certain cases one does not know what the com¬ 
position of the original intrusive material was, for the rock 
exposed at the surface, which passes for the unmodified erup¬ 
tive, may itself be a composite thing. C. N. Fenner (3) has 
described some beautiful cases of admixture of granitic and 
metamorphic rocks in New Jersey. The purest variety of the 
granite contains little but microcline, albite and quartz; and 
the dark coloured metamorphic rocks, which form bands and 
indefinite streaks within the granite, consist of biotite, horn¬ 
blende, quartz, microcline and albite. Fenner remarks that 
“ in such occurrences as show bands of basic rock in largest 
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amount, the adjacent granite contains the largest quantity of 
dark silicates, and where inclusions are rare, the granite is 
very light coloured and nearly free from ^rro-magnesian 
minerals, and it seems probable that the invading magma was 
composed essentially of quartz and felspars, and that the dark 
minerals, even in massive granite, were derived to a large 
extent from the rocks which were invaded.” 

W. J. Miller has assumed a very extensive assimilation of 
country rock (metamorphic rocks of the Grenville Series) in 
order to explain the phenomena shown by the granite masses 
of the Adirondack Mountains, New York. He has, however, 
fallen into the common error of confusing ” assimilation ” with 
fusion, and he repeatedly speaks of ” melting ” of the gneiss 
when it would be more in accordance with modern views to 
speak of ” assimilation.” He tells us that the top of Prospect 
Mountain is formed of fine-grained, grey biotite-granite, which 
is very homogeneous except for occasional patches and 
stringers of Grenville gneiss. Passing southward down the 
mountain side, this rock shows fewer and fewer inclusions, 
passing into medium-grained biotite-granite and eventually 
into biotite-granite porphyry. Passing westward down the 
mountain side, however, the fine-grained granitic fock be¬ 
comes coarser and holds more and more numerous and clearly- 
defined inclusions of Grenville gneiss, and passes eventually 
into biotite-garnet gneiss and quartzitic gneiss at the base of 
the mountain. As there is a perfect transition from the gray, 
granitic rock into the granite porphyry, on the one hand, and 
into Grenville gneiss on the other, it is held that the gray rock 
was formed by “fusion and incorporation” of gneiss by the 
granite-porphyry magma. 

It seems clear that there is no necessity for the assump¬ 
tion of “ fusion ” in this case. The minerals of the gneiss are 
to a large extent the same as those of the granite, and the con¬ 
junction of cross-assimilation with mechanical incorporation 
should be adequate to explain all the phenomena. But Miller 
has certainly demonstrated a very extensive intermingling of 
magmatic with non-magmatic material in this region. 

W. H. Collins makes out a strong case for extensive 
assimilation of sedimentary material by granite in the Onaping 
area, Canada. Batholiths of biotite-granite have invaded a 
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complex of ancient schists which represent, in a highly meta- 
morphic state, a system of slates, conglomerates, arkoses, tuffs 
and lava beds. The more usual types are chlorite schists, 
sericite schists, and “ iron formation,** or banded slates con¬ 
taining much magnetite and hematite. Where the biotite 
granite makes contact with the schists it is found to be full of 
blocks of the schist, showing all possible stages of disintegra¬ 
tion, the contact itself “ resembling in miniature an irregular, 
deeply embayed coast-line fringed with a myriad of islands and 
islets.** The iron-rich inclusions are surrounded by dark 
areas of rock so rich in hornblende as to be nearly black, fading 
away outwards into normal biotite granite; these areas are 
clearly due to assimilation of fragments of iron-formation, as 
a result of which the biotite granite has transformed itself 
locally into hornblende rock. Near Burwash Lake many 
bodies of iron formation are enclosed in the eruptive, but the 
schists which normally lie above and below the iron formation 
have all disappeared except for swarms of partly digested frag¬ 
ments that lie in the granite. It is concluded that over an area 
of at least 50 square miles a thickness of schists measurable in 
hundreds, if not thousands, of feet was absorbed by the 
magma, and that the iron formation survived by virtue of be¬ 
ing the most refractory material in the schist complex en¬ 
countered by the granite. (Fig. 4.) 

Many descriptions of interaction between magma and 
country rock fail to carry conviction on account of inadequate 
chemical study. It is therefore a pleasure to turn to the admir¬ 
able description, given by A. Brammall and H. F. Harwood, 
of the Dartmoor granites and their contact phenomena, and 
to find that the precise petrographical work of one of the 
authors is supplemented by a large number of the accurate 
chemical analyses for which the other author is celebrated. 
The Dartmoor granite is intrusive in Paleozoic shales and 
grits, and the shale has been highly metamorphosed near the 
contacts. The following analyses clearly show that an ex¬ 
change of certain constituents (cross-assimilation) has taken 
place between the granite and the shale. The numbers are 
molecular proportions. 
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SiOj 

Average 

Granite 

782 

Contact 

Granite 

782 

Contact 

Shale 

661 

Average 

Shali 

654 

A 1.03 

92 

98 

162 

173 

FeMn oxides 

27 

23 

36 

54 

MgO 

12 

11 

36 

44 

CaO 

17 

12 

4 

5 

Na^O 

31 

27 

15 

13 

K 3 O 

35 

42 

58 

51 

TiO, 

4-8 

3-6 

6 

7 

P,o. 

•9 

2-3 

3 

2 


To bring the contact-granite back to the composition of 
the normal granite it would be necessary to subtract from it a 
fraction amounting to 32 per cent of its mass and having the 
following (normative) composition:—quartz 34, orthoclase 45, 
albite 7, corundum 7, magnetite 2, enstatite 1 per cent. 

The figures show that passage from shale to granite is 
characterized by a selective abstraction of the siliceous-alumin¬ 
ous constituents of the shale, which caused the masses of shale 
to disintegrate. The products of thermal metamorphism 
(andalusite, tourmaline and pinite) were incorporated in the 
granite magma, where they tended to be made over ” into 
mica. The granite itself shows a wide range of composition, 
as follows :—•* 

Quartz 19 to 40 per cent 

Biotile 2 49 

Microperthite 19 42 

Plagioclase 8 21 

Anorthite in plagioclase 2 25 

Colour index of rock 5 53 

The general conclusion drawn by Brammall is that “the 
variation observed is attributable to the basification of initially 
acid magma while emplacement and differentiation were pro¬ 
ceeding. The phenomena as a whole are consistent with the 
view that the initial magma was sodi-potassic (or even domi¬ 
nantly sodic), and that the potassic products . . . are dif¬ 
ferentiates from magma which assimilated shale at an early 
stage.** 

Among recent studies of reaction between magma and its 
wall rock, the description of H. H. Thomas and W. Campbell 
Smith of the xenoliths in the Tr^gastel granite, in Brittany, 
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is of outstanding importance. The Tr^gastel granite is made 
up of microcline-microperthite and quartz, with subordinate 
oligoclase and biotite. It holds a great number of enclosures, 
some of which are obviously of sedimentary origin while others 
have an igneous aspect. The source of the latter is shown to 
be a body of olivine-norite which was invaded and cut up by 
the granitic magma. The least-altered norite consists of 
olivine and hypersthene, with subordinate biotite and plagio- 
clase (bytownite) and a little apatite and ore. In the slightly 
altered norite hypersthene occurs to the exclusion of olivine; 
some monoclinic pyroxene makes its appearance, and the 
feldspar is labradorite. Other examples are found in which 
monoclinic pyroxene predominates and the feldspar is a still 
more sodic variety. In addition to these noritic and gabbroic 
enclosures there are others which might be described as dioritic 
or monzonitic in composition, consisting of orthoclase, quartz, 
zoned plagioclase of the mean composition of andesine, horn¬ 
blende, biotite and sphene. The most acid type of all consists 
of quartz, orthoclase, acid plagioclase and abundant sphene. 
The granite itself, near the enclosures, is enriched with oligo¬ 
clase, biotite, and hornblende. The evidence seems conclusive 
that the olivine-norite reacted with the crystallizing granitic 
magma and that the olivine was transformed into hypersthene 
and clinopyroxene, and the hypersthene again into biotite, just 
as the reaction principle requires. 

A remarkable example of assimilation of gabbro by grano- 
phyre-magma at Carrock Fell, Cumberland, was described by 
A. Harker (2) in 1895, but still awaits chemical study. Pass¬ 
ing outwards from the heart of the granophyre area, the rock 
becomes less and less siliceous and develops increasing 
quantities of augite, apatite and iron ores. The marginal 
facies of the granophyre, which is in contact with the gabbro, 
is a compact, dark rock with a specific gravity of 2-925, that of 
the normal rock being 2*670. The facts lead to the conclusion 
that portions of the gabbro were assimilated by the granophyre 
magma. The augite seems to have been made over com¬ 
pletely, since the augite of the granophyre is not identical with 
that of the gabbro. The feldspar seems also to have been 
made over in great part, though it is considered possible that 
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some of the relatively large crystals of plagioclase seen in the 
modified granophyre have been directly derived from the older 
rock, for they frequently show a clear border surrounding a 
turbid interior of rounded shape and corroded appearance. 
The iron ore and the apatite of the gabbro have been simply 
incorporated by the granophyre without undergoing solution. 
(Fig. 5.) 

A very similar case was studied by W. J. Sollas in the 
district of Carlingford, Ireland. The top of the hill of Barna- 
vave is gabbro, the base is granite and granophyre (granite- 
porphyry), the junction being well exposed. Dykes of grano¬ 
phyre cut the gabbro, and lumps of gabbro are enclosed in 
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Fig. 6. Section illustrating the modification of the 
Carrock Fell granophyre by incorporation and 
assimilation of gabbro. (After A. Marker.) 


the granite, sometimes forming intrusion-breccia. Detached 
crystals from the gabbro lie in the granophyre, and in the ab¬ 
sence of field evidence they would be mistaken for true 
constituents of the latter. From the large plates of augite 
(diallage) in the gabbro smaller augite grains have been 
formed, and occasionally some biotite or green hornblende. 
The basic plagioclase crystals of the gabbro have developed 
mantles of orthoclase, and the hybrid rock so produced might 
be called quartz-biotite diorite (Sollas). 

A careful study of the normal and the contaminated 
granite, the xenoliths, and the hybrid rocks developed in this 
area has lately been made by S. R. Nockolds, who has sup¬ 
plied the chemical evidence required for the study of the reci¬ 
procal action described by Sollas. 

Instances of reaction between granite and diabase-magma, 
or diabase (dolerite) and granitic magma, are frequently men- 
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tioned in geological literature, though details are often lack¬ 
ing. F. P. Mennell has described dolerite dykes which cut 
granite in Southern Rhodesia and incorporate masses of the 
granite itself or of quartz and feldspar. (See Plate II.) 
Mennell shows that there has been some solution of the en¬ 
closed material and some crystallization of micropegmatite in 
the dolerite. T. Krokstrom gives a full account of the Halle- 
fors dolerite dyke in Sweden. Near its contacts with granite, 
this rock holds inclusions of granite and is itself greatly en¬ 
riched with quartz and alkali-feldspar, which form micro¬ 
pegmatite intergrowths. The reaction is sometimes so com¬ 
plete that the dyke-rock is said to merge continuously with the 
wall rock, without any distinct boundary. 

The converse occurrence, solution of diabase in granite, 
has been observed by A. G. Hogbom (2) at Ragunda, Sweden, 
The granite sends a network of veins and dykes into the 
diabase, giving rise to an intrusion-breccia which consists 
of fragments of diabase cemented and more or less altered by 
the granite. (Plate III.) Hogbom claims that intermediate 
rocks, characterized by chemical and structural inconstancy, 
have been produced by the assimilation of diabase by granite. 
J. J. Sederholm has given an account of reaction between 
diabase and intrusive granite near Wiborg, Finland. The 
granite encloses large masses of the diabase, several hundred 
metres in diameter, and in the neighbourhood of these the 
granite is so enriched with plagioclase that it acquires the char¬ 
acter of quartz-monzonite. At Pecos, New Mexico, the 
injection of granitic magma into solid diabase has produced 
a remarkable banded rock which has been described and 
figured by P. Krieger. 

The contamination of gabbro or norite magma by incor¬ 
poration of sedimentary and metamorphic material has been 
studied closely by H. H. Read in Aberdeenshire. Magma 
which normally gives rise to norite (plagioclase-hypersthene 
rock) has, owing to assimilation of its country rock, produced 
rocks which contain cordierite, sillimanite, spinel, garnet, and 
hornblende, together with orthoclase and quartz. It is shown 
that in the process of assimilation there is an interchange of 
material between the magma and the enclosures, the magma 



Plate 11. —The outcrop of a dolerite dyke which cuts granite near Bula¬ 
wayo, Southern Rhodesia. The dolerite is crowded with fragments of 
quartz and feldspar, prob^ably derived from a pegmatite reef in the granite. 
(Bv courtesy of Mr. A Frost, Bulawayo.) 
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Plate HI. —Assimilation of dolerite (diabase) tragmeiits 
by granite at Hammarforsen, Sweden. A. G. Hogbom. 
(Two-sevenths of natural size.) 
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yielding lime, magnesia, and possibly soda to the enclosures 
and receiving alumina and potash in exchange. Read believes 
that after this interchange has taken place, the modified en¬ 
closures sink, leaving the magma lighter and more acid than 
before, so the final product of contamination may be a fairly 
normal-looking granitic or dioritic rock composed of quartz, 
biotite, hornblende and feldspar. 

Even such highly resistant material as sandstone and 
quartzite has undergone assimilation by basic magma. W. A. 
Jones has studied the assimilation of quartzite enclosures by 
gabbro at Sudbury, Ontario. The irregular or lens-shaped 
enclosures are of all sizes up to a hundred feet long and forty 
feet wide. About every enclosure there is a marginal zone of 
hornblende and plagioclase, followed inside by a zone of 
plagioclase and quartz and sometimes there is a core of pure 
quartz. (See Fig. 2, p. 46.) 

W. Q. Kennedy and H. H. Read have furnished an 
admirable study of cross-assimilation between an acid dioritic 
pegmatite-magma and greywacke in Dumfries, Scotland. 
The pegmatite loses alumina, soda and potash, and gains iron, 
magnesia and lime, resulting in basification of the magma and 
feldspathization of the greywacke. 

An astonishing case of assimilation of sandstone was 
described at Julianehaab, Greenland, by N. V. Ussing. An 
augite-syenite consisting of feldspar, augite and olivine holds 
immense included blocks of sandstone and countless small 
fragments. One of the great blocks has a volume exceeding 
200,000 cubic metres. Round each of these inclusions there 
is a zone of soda-granite, formed by solution of sandstone in 
the syenite-magma. '^Fhe soda-granite has been completely 
fluid, since it sends small veins into the sandstone and the 
surrounding augite syenite. 

The clearest evidence of solution at eruptive contacts will 
naturally be found in cases where the country rock differs very 
widely in composition from the invading magma, for then no 
amount of contact metamorphism can completely obscure the 
nature of the country rock, and any appreciable assimilation of 
it is bound to be evident in the changed composition of the 
eruptive near the junction. Such a case would be, for 
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example, the contact of a granitic magma with a limestone. 
We shall see that such contacts have in point of fact furnished 
some of the most convincing evidence we possess of magmatic 
assimilation. As a first illustration we shall consider the 
classic work of A. Lacroix on the granites of the Pyrenees. 

The granite massif of Qu4rigut is in contact with schists, 
quartzites and limestones of Paleozoic age, through which it 
is believed to have risen by dissolving them away, the schists 
yielding easily to dissolution while the limestones were more 
resistant. Consequently great masses of more or less altered 
limestone are completely enclosed in granite, and as a result 
of assimilation of limestone the granite loses its quartz and is 
locally converted into hornblende-mica-diorite, or where re¬ 
action has gone further, into norite and hornblende-peridotite. 
The argillaceous rocks all around the granite have been 
changed to mica-schist and mica-gneiss, and the limestone 
near the contact is silicihed and full of wollastonite, epidote, 
plagioclase, garnet and hornblende. The proof of the modi¬ 
fication of the granite by assimilation of limestone is complete. 
Wherever one finds a sheet of limestone enveloped by granite, 
it has a margin of hornblendic rocks which do not occur in 
any other situation. (Fig, 6.) 

Lacroix holds that the granite rose into place in a slow, 
progressive manner by assimilation of the sediments which it 
replaced. Constantly, as the granite rose to higher and 
higher levels, it was preceded and accompanied by a “ cortege 
d’^manations transformatrices,** which reacted chemically with 
the sediments, so that the material which eventually passed 
into the magma was no longer normal sedimentary rock, but 
rock which had already undergone extreme metamorphism 
under the influence of the emanation. The elements which 
were added to the contact rocks were especially alkalies and 
silica. Thus in the case of the mica schists, these were first 
“ feldspathized by the emanation and converted into mica- 
gneiss, with a mineralogical composition not greatly different 
from that of the granite itself; consequently when the gneiss 
was incorporated in the granite, the only visible change in the 
latter was the development of some excess of biotite. It is 
otherwise with the limestone; no addition of alkalies and silica 
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can transform this into anything resembling a normal granite, 
and the most characteristic minerals produced by its alteration 
are hornblende and lime-feldspar. It follows that assimilation 
of limestone by the granite magma must profoundly modify 
the composition of the latter, the tendency being towards the 
production of hornblende diorite or gabbro. 

There is an abundance of evidence connecting the 
amount of assimilation performed with the degree of meta¬ 
morphism in the country rock. A good illustration is sup¬ 
plied by the granite massif of Bordferes. On its north side 
this massif has exerted little metamorphic action; the schists 
are not feldspathized and the limestone is not silicified. In 
this part the granite contains no hornblende and shows no 
basic modification. On the south side the contact meta¬ 
morphism is intense; the granite is rich in hornblende and 
passes into a dioritic facies. 

Another area of the greatest importance for the study of 
assimilation at granite contacts is the Haliburton-Bancroft dis¬ 
trict of Ontario, which has been described by F. D. Adams 
and A. E. Barlow. In an area of 4,200 square miles, granite 
and granite-gneiss occupy 2,596 square miles, or about 62 per 
cent. The eruptive complex involves three distinct elements, 
as follows:— 

(a) red granite or gneiss, 

(b) gray granite or gneiss, 

(c) amphibolite inclusions. 

The first of these is essentially a rock composed of quartz, 
orthoclase and oligoclase, with very little biotite. The second 
is richer in dark minerals, and contains both ortho- and clino- 
pyroxenes as well as biotite and hornblende. The amphi¬ 
bolite inclusions form large.masses of irregular shape, and 
also long narrow bands with distinct foliation; they range 
from masses occupying acres of ground to fragments of a few 
square inches. The constituent minerals are hornblende, 
which makes up about half of the rock, clino- and ortho- 
pyroxene, labradorite, and a little pyrite and calcite. Other 
basic inclusions are rich in olivine and spinel. These amphi¬ 
bolite masses vary much in number from place to place, 
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although they are seldom entirely absent. On the southern 
margin of the Glamorgan batholith they are reckoned to con- 
stitute about half of the entire stock. There is no sharp line 
between granite with inclusions of amphibolite, and amphi¬ 
bolite cut up by veins of granite. All stages of the process 
can be observed whereby an immense solid mass of black 
amphibolite, absolutely free from any granitic admixture, is 
resolved into a swarm of amphibolite fragments distributed in 
a long stream through a body of mixed rock. While the 
detached masses often preserve their angular form, they some¬ 
times seem to have been softened and rendered more or less 
plastic; and when this is the case, movements of the magma 
draw them out into long, narrow ribbon-like forms which, 
when pulled out very thin, pass into ill-defined gray streaks 
in the granite. 

The amphibolites result in part from the intense alteration 
of limestone, every intermediate stage being represented 
between almost unaltered limestone, partly silicified limestone, 
and amphibolite with a little residual calcite. W. G. Foye 
shows that the conversion of limestone into amphibolite, as 
described by Adams and Barlow, involves a loss of 39 per cent 
of lime and 42 per cent, of carbon dioxide from the limestone, 
and a gain of 48 per cent of silica, 19 per cent of alumina, 6 8 
per cent of ferrous oxide, 1*4 per cent of magnesia, 4 6 per cent 
of soda and 1*2 per cent of potash by the limestone from the 
granite. 

The present writer has studied the reaction between granitic 
magma and a moderately magnesian limestone at Palabora, 
eastern Transvaal. (Fig. 7.) The intrusion of granite into 
the ancient schists of this region took place in several stages. 
At each stage there was an injection of pegmatite sheets and 
dikes which intersect those of earlier stages, forming an in¬ 
trusive complex of a highly involved character. The most acid 
type of granite has the following composition:—quartz 27, 
microcline and microperthite 35, oligoclase 36, biotite, sphene 
and apatite 3 per cent. The products of reaction with limestone 
are: 

(a) diopside-arfvedsonite syenites, containing microcline 
and only a little quartz; 
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(b) shonkinites (melanocratic syenites) consisting roughly 
of one-third microcline, two-thirds diopside with some 
apatite; 

(c) pyroxenites, almost wholly composed of diopside or 
diopside and apatite; also apatite rocks. 

All of these rocks are cut by younger granite, in the lime¬ 
stone, however, no granite veins were observed but only veins 
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Fig. 7. Sketch-map of the syenite-pyroxenite body at Palabora, 
Transvaal. Sys syenite. Scale about | incbssl mile. 


of syenite and shonkinite. The variation diagram iJPig* 8) 
shows the chemical changes involved in the reaction. The 
horizontal co-ordinate is the colour index, or the proportion 
of heavy minerals in the rock. The vertical co-ordinate 
gives, the percentage of the various constituents, namely, 
quartz (Qz), albite (Ab), orthoclase (Or), apatite (Apat.) 
and CaSiOsT MgSiO,, FeSiO*; also the sum of Or + Ab 
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and the ratio Or/Ab. From the diagram one can deduce 
the operation of three distinct processes. The decrease of 
quartz and the concurrent increase of the three meta- 
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Fig. 8. Variation-diagram for the rocks of Palabora, Trans¬ 
vaal. The horizontal co-ordinate is the colour index. Ex¬ 
planation on pp. 82-83. 

silicate molecules which constitute diopside can hardly be 
explained by any other process than assimilation of limestone, 
which went on until most of the free silica in the bordering 
magma was neutralized. The further large increase of lime 
and magnesia that appears in passing from syenite to shon- 
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kinite cannot be explained in this way, but seems to be due 
to the accumulation of diopside crystals in certain parts of the 
body of contaminated magma. The third process that is 
shown by the variation-diagram, namely, the progressive 
elimination of albite, does not concern us at present. 

The syenites, shonkinites and pyroxenites of this region 
occupy several square miles around the central limestone 
mass, which has been charged with magnetite and apatite and 
has also developed diopside and olivine by thermal meta¬ 
morphism. (Fig. 7.) 

Although the most convincing examples of assimilation 
of limestone or dolomite have been found in connection with 
acid magmas, there is reason to believe that even very basic 
magmas can assimilate carbonate rocks. The curious rocks 
called “ sagvandite,** which have been studied by T. F. W. 
Barth, are found in Norway, Finland, and New Zealand in 
association with peridotites and dolomite-rich sediments. 
Typical sagvandite consists of large crystals of enstatite, or 
enstatite and olivine, in a groundmass of enstatite and mag¬ 
nesite (magnesium carbonate). Accessory niinerals are talc, 
picotite, and anthophyllite. The rocks occur in small pipes or 
stocks from ten to five hundred metres in diameter, and their 
igneous character is shown by their texture and by the thermal 
metamorphism of the surrounding sediments. Barth con¬ 
siders sagvandite to have resulted from the assimilation o( 
dolomite by an ultrabasic magma, and points out that the high 
concentration of CO 2 which must result from this reaction 
would enable the contaminated magma to make its way ex¬ 
plosively into the surrounding rocks. 

It has been maintained by R. A. Daly and others that a 
magma may lose so much silica, by assimilation of limestone, 
that it must form nepheline or leucite instead of the customary 
alkali-feldspars, and Daly holds that all or most of the feld- 
spathoidal rocks have been generated in this way. There is a 
good deal of field evidence in support of Daly’s view, which 
will be discussed in a later chapter. If an acid magma may be 
desilicated by reaction with limestone, it is also true that a 
magma of such low acidity that nepheline or olivine would 
normally be formed from it, may be so acidified by contact 
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with siliceous country rocks that these minerals fail to develop 
in the neighbourhood of the contact. The nepheline-syenite 
of the island of Alno, Sweden, is intrusive in granitic gneiss, 
and towards the junction the syenite loses its nepheline and 
acquires biotite, while the gneiss loses its quartz and develops 
segirine. There is thus a contact-zone three hundred metres 
wide which is divisible, according to A. G. Hogbom (3) into 
an outer belt of modified gneiss and an inner belt of modified 
syenite, with no sharp division between them. The nepheline 
syenite of livaara, Finland, also shows an acidified marginal 
zone, and so does that of Mariupol, Russia; while several 
cases have been described in Greenland. At Korok, for 
example, a syenitic rock containing nepheline and olivine loses 
both of these minerals and acquires quartz where it comes into 
contact with sandstone (N. V. Ussing). Similar evidence is 
available in the case of many olivine-bearing rocks; thus A. G. 
Hogbom (4) describes sills of olivine-dolerite at Nordingra, 
Sweden, which lose their olivine and become quartz-bearing 
near their contacts with granite and sandstone. 

Further discussion is hardly necessary. We are already 
in a position to meet the question, whether deep magma exerts 
any solvent action on its containing walls, with the assurance 
that a certain amount of assimilation of country rock has un¬ 
questionably taken place in many cases. What it is that 
determines whether reaction shall take place or not it is hard 
to say, but one may guess at the operation of several factors. 
The temperature of the magma at the time of intrusion is im¬ 
portant, as well as the presence or absence of any notable 
degree of superheat. The composition of the wall-rock in 
relation to that of the magma is also significant. F. Zirkel 
enunciated the rule that in acid magmas, acid enclosures are 
not assimilated but basic ones are; in basic magmas, basic 
enclosures are not assimilated but acid ones are. This rule 
certainly expresses in a rough way the result of many field 
observations. It should be remembered, however, that in the 
event of the assimilation of an acid rock by an acid magma, 
or a basic rock by a basic magma, the composition of the 
magma would undergo so little change that evidence of the 
reaction might be hard to find in the field, H. H. Read 



86 


ERUPTIVE ROCKS 


reports that in Aberdeenshire the norite magma “appears to 
swallow up with avidity material of phyllitic nature, but to 
reject quartzose or calcareous rocks.** The granites of the 
Onaping area, described by W. H. Collins, have found the 
siliceous and argillaceous schists much more digestible than 
the ferruginous slates. 

The concentration of the fugitive constituents in the 
magma, and the occurrence of conditions which facilitate or 
retard their escape into the country rock, must have great in¬ 
fluence in the matter. For instance, the reaction 
CaCOs + Si0a<==^CaSi03 + CO2 
is reversible, and if the concentration of CO 2 in the magma 
is high enough the silicification of a limestone in contact with 
that magma may be prevented. V. M. Goldschmidt ascribes 
the stability of calcite at the granite contacts of Rien, Norway, 
to the high partial pressure of CO 2 . The granite of Bordferes, 
in the Pyrenees, has reacted with limestone and .schists on its 
south side, but not on the north. It seems likely that the 
facilities for the escape of fugitive constituents from the magma 
were greater on one side than the other, owing either to the 
structure of the country or to the inclination of the intrusive 
mass. 
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A scientific argument which is wholly lacking in quanti¬ 
tative suffert cannot be satisfactory; but on the other 
hand a highly develofed mathematical treatment which 
rests ufon unsound fremises is usually much worse than 
none. —W. Richards, 

CHAPTER VI 

THE FREEZING OF SILICATE MELTS 

When a liquid freezes, it may give either a mass of crystals 
or a glass. In the first case there is an abrupt change of all 
the physical properties of the system, such as viscosity, 
density, refractive index, and specific heat, at the freezing 
point. In the second case there is only a gradual increase in 
the viscosity of the liquid, until it becomes so great that we 
think of the system as a solid, accompanied by small progres¬ 
sive changes in the other properties; there is no definite freez¬ 
ing point at all. The factors which determine whether any 
liquid shall crystallize or become a glass are principally the 
fluidity of the liquid and the rate of cooling; other things 
being equal, slow cooling favours crystallization and high 
viscosity retards it. Since the gases and simple salts dis¬ 
solved in a magma increase its fluidity, a high concentration 
of fugitive constituents will favour crystallization; and there 
is reason to believe that the glassy character of certain lavas 
is due more to the loss of their gases than to rapid cooling. 

Freezing with production of glass introduces nothing 
new, for glass is just a more viscous liquid; but crystallization 
involves the appearance of new solid phases, and the course of 
crystallization and the nature of the products are subject to 
laws which we must study. 

A pure substance such as mercury or water has a perfectly 
definite freezing point (at a given pressure); above the freezing 
temperature only the liquid form can exist, below it only the 
solid form is stable. Under a fixed pressure, there is only one 
temperature at which the solid and the liquid can exist inde¬ 
finitely in contact with each other, and that is the freezing 
point. If we ever had to deal with a magma consisting of 
molecules of one kind only, say a pure anorthite magma, we 
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should expect it to crystallize at 1550” C. precisely (under 
atmospheric pressure), while a pure diopside magma should 
crystallize at 1390” C. Such a magma is probably never realized 
in nature. Many rocks are known which consist almost en¬ 
tirely of one mineral, but small amounts of other minerals are 
seldom absent, and in addition we have seen that certain 
fugitive constituents are probably present in every magma. 
Most rocks contain from four to ten or more distinct minerals, 
and when some of these are complex solid solutions, like horn¬ 
blende and augite, the number of simple silicate molecules in 
the magma must be large. 

Now a liquid mixture with two or more components be¬ 
haves in general quite differently, in the act of freezing, from 
a liquid of simple composition. The difference is shown in the 
following ways: — 

(1) The temperature at which freezing begins is not the 

same as the freezing point of any one of the com¬ 
ponents, and is different even in different mixtures of 
the same components. 

(2) Freezing does not take place entirely at one tempera¬ 
ture, but continues through a certain range of tem¬ 
perature. That is, instead of a freezing point there 
is a freezing interval. 

(3) The crystals that form first do not have the same com¬ 

position as the liquid out of which they crystallized. 
In different mixtures of the same components, the 
crystals that form first may be different. 

The first point is just a re-statement of the Raoult-Blagden 
Law (page 48) that every substance when dissolved in a liquid 
capable of crystallizing, lowers its freezing point. Sea water 
has a lower freezing point than fresh water on account of the 
small quantity of salt dissolved in it, and by increasing the 
concentration of salt the freezing point can be brought down 
to —23* C. In a mixture of molten silicates there is no distinc¬ 
tion of solvent and dissolved substance, but each component 
may be considered to be dissolved in the others. 

The freezing of the system anorthite-diopside has been 
studied by N. L. Bowen (1). The melting or freezing point of 
pure anorthite is 1550” C., that of diopside is 1390* C,, but a 
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mixture containing anorthite 80 parts, diopside 20 parts, only 
begins to freeze at 1485® C. and is not completely solid till 
1270® C. is reached. A mixture of diopside 80 parts, anorthite 
20 parts, begins to freeze at 1350® C., and the last trace of 
liquid only disappears at 1270® C. Each of these mixtures has 
therefore a freezing interval instead of a single freezing point, 
which illustrates the second of the above statements. But the 
mixture which contains 58 parts of diopside to 42 parts of 
anorthite does not even begin to freeze until 1270® C. is 
reached, and then crystallizes completely at that temperature. 
This particular mixture of diopside and anorthite has the 
lowest possible freezing point, and is called the eutectic mix- 
ture of these two components. Observe that a eutectic mixture 
resembles a pure substance in having a definite freezing point. 

The third point is easily verified by referring again to salt 
and water. It is well-known that when sea-water freezes, the 
ice that forms is entirely free from salt; on the other hand, that 
if concentrated brine is cooled down, it deposits pure salt at 
first. The solution that contains exactly 23*5 per cent of salt 
(the eutectic mixture) deposits ice and salt simultaneously. A 
silicate melt behaves in a similar way, as the following table 
shows:— 


Mixtures of diopside and anorthite. 


I. 

Mixtures with more 
than 56% of diopside, 

Diopside crystallizes 
first and continues to 
form until the eutectic 
temperature (1270® C.) 
is reached; then diop¬ 
side and anorthite 
crystallize together in 
eutectic proportions. 


II. 

Mixture of 68 parts 
diopside, 42 parts 
anorthite. 

This mixture re¬ 
mains fluid until the 
eutectic temperature 
(1270® C.) is reached; 
then it gives crystals 
of both minerals in 
the above proportion 
of 58 to 42. 


III. 

Mixtures with more 
than 42% of anorthite. 

Anorthite crystallizes 
first and continues to 
form until the eutectic 
temperature (1270® C.) 
is reached; then anor¬ 
thite and diopside 
crystallize together in 
eutectic proportions. 


We may put these observations in the form of a rule of 
general application, as follows; Any mixture which contains 
one component in excess of the eutectic proportion will deposit 
that excess as it cools, until the remaining liquid has the 
eutectic composition, when the mixture will freeze as a whole. 
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The precise composition of the eutectic mixture of any two 
substances can only be found by experiment, but it is roughly 
true that the eutectic mixture holds more of the component of 
lower melting point, and the greater the difference between 
the melting points of the two components, the more of the 
more fusible component appears in the eutectic. 

It is much easier to demonstrate these relations graphically 
than verbally. In Fig. 9 the composition of all possible mix¬ 
tures of diopside and anorthite is plotted on the base line, 
while temperature is recorded vertically. When the initial 
freezing points of various mixtures are inserted in the dia¬ 
gram, they are found to lie on two curves, which start from 



Fig. 9. The binary system diopside-anorthite. (N. L. 

Bowen.) 

the melting points of the pure components and meet at the 
eutectic point, corresponding to the composition diopside 58, 
anorthite 42, and to the temperature 1270° C. This diagram 
therefore contains complete information about the crystalliza¬ 
tion of all possible mixtures of diopside and anorthite. 

Every extra component that is added to such a mixture 
(provided that it does not enter into chemical reaction or 
isomorphous substitution with the orginal components) 
causes a further lowering of the freezing point, the new 
minimum corresponding to a ternary, quaternary, or higher 
eutectic mixture. Thus in the system silica-anorthite-wollas- 
tonite, which has been studied by G. A. Rankin (Fig. 10) 
there are three binary eutectics crystallizing at 1436°, 1359°, 
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and 1299* C. respectively, and a ternary eutectic, composed of 
40 parts of anorthite, 32 of wollastonite, and 28 of tridymite, 
which freezes at 1166* C. In the freezing of a ternary mix¬ 
ture, we may say loosely that the component which is in 
greatest excess, as compared with the composition of the 
ternary eutectic, will crystallize first; then the component 
which is next in excess, along with the former one; then the 
ternary eutectic of all three components. 



The graphical representation of the freezing of such a 
system becomes very difficult as the number of components 
increases. For a ternary system one uses a triangular diagram 
in which the percentage of each component is measured from 
100, at an apex of the triangle, to zero at the opposite side. 
Thus in Fig. 10 the point marked 1166* C. corresponds to the 
composition anorthite 40, wollastonite 82, tridymite 28, which 
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is that of the ternary eutectic of these components. A point on 
one of the sides of the triangle obviously represents a mixture 
containing only two of the components. The lines that join 
the ternary eutectic point to the three binary points cut the 
triangle up into three fields, one of which encloses all mixtures 
from which anorthite crystallizes first, another those from 
which wollastonite crystallizes first, and a third those from 
which silica crystallizes first. It is to be noted that the latter 
field is itself divided by a line which corresponds to the tem¬ 
perature of 1470" C. Mixtures which are very rich in silica 
begin their crystallization above 1470" C., so the silica crystal¬ 
lizes as cristobalite; when the temperature of crystallization is 
below 1470" C., tridymite appears instead. The directions of 
falling temperature are indicated by arrows, the temperature 
co-ordinate being supposed to stand at right angles to the 
plane of the paper. 

In short, from a eutectic system of any number of com¬ 
ponents, the course of crystallization will be of the following 
type 

A; A + B; A + B + C; A + B + C + Dj etc., 
always ending with a multiple eutectic of all the components. 
The eutectic relation only holds between substances 
which are not isomorphous—^that is, which are not related to 
each other by ionic substitution. If two substances in 
mutual solution belong to an ionic substitution series, as 
albite and anorthite, or forsterite and fayalite, then the crystals 
formed at any temperature always hold some of each com¬ 
ponent—in fact the composition of the crystals may be only a 
little different from that of the liquid phase—and, furthermore, 
the composition of the first-formed crystals varies with that of 
the liquid. 

The behaviour of such a system may be learned from 
Fig. 11, which is N. L. Bowen’s (2) well-known diagram for 
the plagioclase feldspars. There are two curves extending 
from the melting point of anorthite (1550" C.) to that of albite 
(1100" C.). The upper curve (called the liquidus) contains the 
initial freezing points of all possible liquid mixtures of albite 
and anorthite; and the lower curve (the solidus) expresses the 
composition of the feldspar crystals in equilibrium with these 
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liquids. From this diagram one learns, for example, that a melt 
of the composition AbiAnj begins to crystallize at 1490* C., 
and that the crystals formed at that temperature have the com¬ 
position AbijAnag. Thus the remaining liquid is enriched 
with albite, and as cooling proceeds the composition of the 
liquid changes steadily, following the liquidus towards the 
albite end. The crystals meanwhile continue to grow. Under 
ideal conditions of cooling the crystals should react continu¬ 
ously with the liquid so as to remain always in equilibrium 



Fig. 11. The melting and freezing curves of the plagioclase 
feldspars. (N. L. Bowen.) 


with it; that is, the composition of the solid phase should 
follow the solidus while the liquid phase follows the liquidus, 
until the crystals have the composition AbiAnj, by which time 
all the liquid will have been used up. But if it should happen 
that crystallization is too rapid for the crystals to adjust their 
composition in this way, then growth will take place by the 
addition of new layers of feldspar which are successively 
richer and richer in albite, ending up with almost pure albite. 
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The crystals will then exhibit the zonal structure with which 
every petrographer is familiar. 

In this type of crystallization there is no eutectic, and the 
lowest temperature that can be reached by the liquid is the 
melting point of the more fusible component—in the above 
case, albite. This is the commonest type of crystallization 
among such of the rock-forming minerals as have been 
studied experimentally. When isomorphism is not so com¬ 
plete as in the above instance, two distinct solid phases may 



Fig. 12. Field diagram of the system : diopside, plagioclase. 

(N. L. Bowen.) Arrows indicate directions of decreasing 
temperature. 

be formed in the system, one richer in component A, the other 
richer in component B; and between these two there may be a 
low-point somewhat similar to a eutectic point. This possi¬ 
bility is believed to be realized in the case of orthoclase and 
albite. 

The important point to observe, in connection with ionic 
substitution systems, is that where there is no binary eutectic 
point there cannot be a ternary, a quaternary, or a multiple 
eutectic; and since the feldspars, the micas, the pyroxenes. 
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and most of the other important rock-forming minerals are 
ionic substitution complexes, it follows that the crystalliza¬ 
tion of a granitic magma cannot end with the formation of a 
“ granite eutectic,*’ or a gabbro magma with a “ gabbro 
eutectic,” as was at one time conjectured. In short, eruptive 
magmas are not simple eutectic systems. 

We may inquire next what happens when an additional 
component is added to an ionic substitution system to which 
it is not related. Fig. 12 represents the system diopside-albite- 
anorthite according to N. L. Bowen (3). There are only two 
fields, one from which diopside crystallizes first and one from 
which a plagioclase of variable composition crystallizes first. 
Between these fields there is a boundary which Bowen calls a 
reaction-curve, Vogt a cotectic line. 

From any melt whose composition throws it into the 
plagioclase field, plagioclase will crystallize first until the com¬ 
position of the liquid reaches a point on the reaction curve 
(cotectic line); thereafter plagioclase and diopside will crystal¬ 
lize together, but all the time the plagioclase will be reacting 
with the liquid and changing its composition in the manner 
already explained in connection with the binsiry system. 
Crystallization will end at a point which is not fixed, as a 
eutectic point is fixed, but varies according to the initial com¬ 
position of the melt and the extent to which reaction takes 
place between feldspar and liquid. 

A still more complex case is presented by a system con¬ 
taining two pairs of isomorphous compounds, such as albite- 
anorthite and diopside-hedenbergite (or simply plagioclase and 
pyroxene). A lucid account of the crystallization of this 
system has been given by W. Wahl. In Fig. 13 we may 
suppose A to represent albite, B anorthite, C diopside, D 
hedenbergite, these four points forming the corners of a 
tetrahedron. Then the point ej represents the eutectic diop- 
side-albite, ea the eutectic diopside-anorthite, while ea and ea 
are the eutectics hedenbergite-anorthite and hedenbergite- 
albite. We have therefore in the system two binary isomor¬ 
phous series, A-B (plagioclase) and C-D (pyroxene); four 
binary eutectic systems, C-A, C-B, D-B, D-A, with the binary 
eutectic points Ci, ea, Ca, e^; four ternary systems with the 
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cotectic curves CiCj, © 263 , 6364 , 6461 ; one quaternary system with 
the cotectic surtace e,e 2 e 3 e 4 . 

A quaternary mixture represented by any point in the 
upper part of the figure will solidify in such a way that mix- 
crystals AB (plagioclase) separate first. The liquid will 
thereby be enriched with the components C and D until a 
point on the cotectic surface is reached. Now AB (plagio¬ 
clase) and CD (pyroxene) will begin to separate simultane- 
ously, and as cooling proceeds the crystals will react with the 



Fig. 13. Schematic equilibrium-diagram of a 
quaternary system consisting of two pairs of 
isomorphous substances with a cotectic sur- 
face between them. (After W. Wahl.) 

Explanation in text. 


melt and adjust their composition continuously until the last of 
the liquid is used up. If the rate of cooling is too rapid to 
permit of complete reaction, then both kinds of crystals will be 
zonally biiilt. 

Although there is no quaternary eutectic there will yet be 
a definite order of crystallization just as in a binary system, 
plagioclase crystallizing first, followed by plagioclase and 
pyroxene. If the initial mixture had a composition repre¬ 
sented by a point In the lower part of the figure the order of 
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crystallization would be first pyroxene, then pyroxene+plagio- 
clase. Furthermore, the behaviour of the solution on the 
cotectic surface depends on the shape of that surface, which 
may have a maximum or a minimum point or may be saddle- 
shaped. The problem is further complicated by the possi¬ 
bility that the extent of ionic substitution in one or both 
series may be limited, as in the case of orthoclase and albite; 
this might lead to the simultaneous crystallization of three 
different kinds of solid solution (as AB, BA, and CD) at the 
cotectic surface. 

The difference between crystallization at a eutectic point 
and crystallization at a cotectic surface may be summarized as 
follows:— 


Eutectic Point. Cotectic Surface. 


(1) Crystallization takes place 

(1) 

Crystallization takes place 

at constant 

tempera- 


with falling 

tempera- 

ture. 



ture. 


(2) Crystallization 

gives a 

( 2 ) 

Crystallization 

gives a 

mixture of 

constant 


mixture of 

variable 

composition. 



composition. 


(3) The phases 

separating 

(3) 

The phases 

separating 


have a definite com- have a considerable 

position. range of composition. 


It will now be realized that the study of the course of 
crystallization in a melt or magma becomes enormously com¬ 
plicated when cotectic surfaces take the place of the compara¬ 
tively simple eutectic points. 

T. F. W. Barth has tried to establish the position of the 
cotectic surface for basalt in terms of the components albite, 
anorthite, diopside, hypersthene. Reasoning that basalts 
which show evidence of simultaneous crystallization of plagio- 
clase and pyroxene throughout their cooling-history should lie 
on the cotectic surface, he has plotted the positions of nine 
such basalts in a tetrahedral diagram like that of Fig. 11 
(hypersthene taking the place of hedenbergite) and finds that 
they lie almost exactly in one plane. Since a plane is com¬ 
pletely defined by three co-ordinates, Barth finds it possible 
to define the position of the cotectic surface by means of the 
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following’ equation (in which ab stands for albite, di for 
diopside, hy for hypersthene); 

ab' + 2 di' + 2-3 hy'=123 

To apply this formula one must first calculate the norm 
of the rock, then recalculate ab, an, di, hy, to 100, which gives 
ab', an', hy'. If the sum of the three terms is greater than 
123 the basalt lies in the pyroxene field, if less, in the plagio- 
clase field. 

Another kind of complication arises when two of the com¬ 
ponents of a system are capable of reacting together as the 
temperature falls. Some of the rock-forming silicates show 
the phenomenon of incongruent melting; that is, they decom¬ 
pose as they melt. Thus enstatite decomposes at its melting 
point into forsterite and silica (Bowen and Andersen); and 
orthoclase decomposes into leucite and silica (Morey and 
Bowen). Thus from a melt rich in the constituents of 
enstatite, olivine will generally crystallize first, and later, when 
the temperature has fallen sufficiently, it will react with the 
remaining liquid to form enstatite. Or from a melt rich in 
the constituents of orthoclase, leucite may crystallize first, 
afterwards reacting with the liquid to form orthoclase. But 
the reaction may be prevented, either by rapid cooling or by 
the separation of the early crystals from the residual liquid. 
We shall see in later chapters that all these possibilities are 
realized in rock magma. 

Silicate Melts Containing Water 

The experimental study of silicate systems containing water 
presents great difficulty on account of the high pressure required 
to retain water in solution. The system HgO - KoSiOa - SiOa was 
studied by G. W. Morey (1, 2) in 1917. Although this system 
bears little resemblance to rock magma, some results of great 
importance to petrology and volcanism came out of the investi¬ 
gation. It was shown (1) that water vapour under atmospheric 
pressure is appreciably soluble in liquid silicates at their melting 
points, and that the amount of water dissolved is sufficient to 
cause an appreciable lowering of the freezing point; (2) that in 
the binary system HaO-SiOj, at the critical point of pure water. 



100 


ERUPTIVE ROCKS 


the amount of silica in both liquid and vapour phases is approxi¬ 
mately zero; (3) that a silicate magma containing only a small 
amount of water, cooled in such a manner that the water cannot 
escape, will develop very high pressure as crystallization ad¬ 
vances. 

R. W. Goranson (1) investigated the solubility of water in 
granite magma, with results which we have already sum¬ 
marized (p. 38). He also studied (2) the binary systems albite 
—water and orthoclase—^water, and found the maximum amount 
of water soluble in melted albite to be in the neighbourhood of 
9 per cent at 900®. He discussed the pressure generated by the 
cooling and crystallization of albite-water melts, and showed 
that it might reach 4000 and perhaps even 5000 bars. He also 
demonstrated (3) that at 700®, under a vapour pressure of 980 
bars, the granite of Stone Mtn., Georgia, became completely 
liquid (except for a little hematite), the melt holding 6*5 per cent 
of water in solution. He calculated that the liquidus tempera¬ 
ture of the dry granite must be about 1050® ±50®, but later 
corrected this figure to “ about 950®.** 
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Confusion is merely the unknown intermixture of laws, 
and becomes order and beauty when we rise to their com- 
prehension. —^John TynIjall. 

CHAPTER VII 

THE FREEZING OF ROCK MAGMA 

When we turn from artificial silicate melts to natural rock- 
magma, the difficulty of investigating the course of crystalliza¬ 
tion is enormously increased. In the first place, we can only 
learn the chemical composition of the magma by inference from 
that of the rock or rocks to which it gave rise in cooling. But 
a statement of the chemical composition of the rock ignores the 
fugitive constituents which were lost during crystallization, and 
it takes no account of other factors which may cause the rock 
to differ in composition from the parent magma. In lavas of 
Vesuvius, both the sinking of olivine and the flotation of leucite 
crystals have been demonstrated; thus a single body of rock 
may be enriched in one part with leucite crystals and in another 
part with crystals of olivine or augite. Specimens taken from 
different parts of this body of rock would differ considerably in 
chemical composition, and none of them would reproduce ac¬ 
curately the composition of the parent magma. 

Unpredictable changes in the composition of the magma 
may result from its reaction with wall rocks. We saw in 
chapter V that a certain amount of assimilation of country rock 
has unquestionably taken place in some magma chambers, and 
that it must be expected wherever liquid magma has stood for 
a time in contact with solid rock of different composition. 
Reaction between the liquid and the solid will bring about an 
increase of some components and a decrease of others, in the 
marginal portion of the magma, thus the marginal rocks may 
differ widely in chemical and mineral composition from the un¬ 
contaminated magma and rock. Large gains of lime and 
magnesia by acid magma have been demonstrated in the 
vicinity of limestone contacts; also gains of alumina from 
argillaceous sediments and of silica from sandstones. The trans¬ 
ference of large quantities of silica from magma to limestone is 
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familiar to all students of contact metamorphism. Loss of 
alumina and alkalis from the magma is less obvious in the field, 
but it has been proved in many cases by chemical analysis of 
the contact rocks. 

Since rock exposures are often inadequate, and nearly 
always so in the vertical direction, it must often happen that 
the rocks which we see in the field, and from which we deduce 
a magma of similar chemical composition, are in reality 
abnormal products, due either to local accumulation of certain 
crystals or else to local contamination of a magma by reaction 
with wall rock during its emplacement. I'o convince oneself 
of this, it is only necessary to think of the pyroxenites, the 
peridotites, the lamprophyres, and certain feldspathoidal rocks 
such as ijolite and italite. We must accordingly agree that it 
is seldom safe to draw conclusions, from the chemical composi¬ 
tion of a given rock, as to the initial composition of the magma 
which gave rise to it. 

Our problem is complicated, not only by irregular changes 
of concentration, but also by unknown fluctuations of tempera¬ 
ture and pressure in the magma during crystallization. The 
cooling of a body of deep magma, enclosed in a chamber which 
has no outlet to the surface of the earth, is likely to proceed 
with great regularity. This is not true of magma which is 
brought suddenly into contact with cold rocks, or rushed 
quickly to the surface through a volcanic pipe or fissure. Under 
these conditions a period of slow cooling is followed by one of 
rapid cooling. This will generally give rise to a rock with 
porphyritic texture, or else crystallization may be so retarded 
by increasing viscosity that the magma congeals largely as a 
glass. But in the case of magma that is rushed quickly to the 
surface, the expected fall of temperature may be preceded by a 
sharp, local rise of temperature, for which several causes sug¬ 
gest themselves. Most important of these is the combustion of 
hydrogen and other volcanic gases in contact with air. T. A. 
Jaggar has shown that the temperature of the surface layer of 
the lava in the fire-pit at Kilauea may be raised two or three 
hundred degrees in this way. Another possibility of reheating 
may be seen in a sudden onset of crystallization, perhaps 
initiated by the loss of dissolved gases. This possibility is 
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illuminated by an experiment which was described by W. 
Guertler, a student in G. Tammann's laboratory. A s^ium 
silicate glass (an undercooled liquid) was heated slowly to about 
650® C., whereupon crystallization set in with such vigour that 
the temperature of the mass was raised to 760® within five 
seconds. Still another possible source of heat deserves con¬ 
sideration. The viscosity of basaltic lava is of the order of a 
million times that of water (R. L. Nichols), so the ascent of 
lava, driven by tremendous gas pressure through tortuous, 
rubbled-filled channels, can hardly fail to give rise to some 
mechanically developed heat. L. H. Adams has expressed the 
opinion that “ordinary rock material, if extruded from a 
pressure corresponding to a depth of 20 kilometres, would heat 
itself up nearly 200® C. above its original temperature.” 

Since some of the processes that we have discussed would 
lead to local cooling of the magma, and others to local heating, 
there may be many departures from the expected course of 
crystallization, even in rocks of identical chemical composition. 
Local reheating may bring about corrosion and destruction of 
early-formed crystals, a phenomenon often observed in lavas. 
Small fluctuations of temperature account for the interrupted 
and reversed zoning that is so common in plagioclase crystals. 
F. Homma has supposed that these crystals were alternately 
floated up by attached gas bubbles and allowed to sink when 
the bubbles became detached; thus the crystals may have 
wandered repeatedly through layers of lava of slightly different 
temperature and concentration, where they acquired successive 
mantles of feldspar of appreciably different composition. 
Oscillatory crystallization of two different minerals, such as 
that illustrated in Fig. 14, may be explained on similar lines. 

Too rapid cooling may lead to the preservation of unstable 
phases. For example, a magma rich in magnesia and silica 
may yield olivine (forsterite) during an early stage of cooling. 
If it is then chilled quickly, the normal reaction of olivine with 
the siliceous magma to form pyroxene may be prevented. The 
resulting rock will then hold crystals of olivine in a highly 
siliceous glass base, an unstable association which is only per¬ 
petuated by the extreme slowness of reaction between solids 
below their melting points. 
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Change of pressure probably nas little effect upon the 
crystallization of rock magma, as long as a gas phase is absent. 
Most silicates are believed to contract in freezing, so the freez¬ 
ing point should be raised by compression; but the elevation 
of the freezing point of a silicate under compression was esti¬ 
mated by J. H. L. Vogt (1) to be only some 6® C. per 1000 
atmospheres; a quantity scarcely large enough to have any 
important petrological consequences. Some petrographers 
maintain that under extremely high pressure, familiar minerals 
such as augite and plagioclase must be replaced by species of 



Fig. 14. Melilite crystals enclos¬ 
ing two successive generations of 
magnetite grains and embedded 
in a groundmass of magnetite» 
melilite and fayalite. (After J. 

H. L. Vogt.) 

greater density such as garnet and jadeite; thus a basaltic 
magma crystallizing at great depths in the earth-crust might 
give rise to eclogite (garnet-omphacite rock) instead of gabbro 
or norite. There is no compelling field evidence in favour of 
this opinion. J. Johnston contrasted the influence of pressure 
and temperature upon physical equilibria in the following 
terms:— 

(1) In systems without a vapour phase, a change of 
pressure of 1000 atmospheres will in general effect no 
more than a change of temperature of 10® C. 

(2) The effect of pressure upon viscosity and similar fac¬ 
tors is in general insignificant as compared with the 
effect of temperature. 
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(3) Solubility is affected only slightly by change of pres¬ 
sure, so slightly that the effect is negligible as com¬ 
pared with that of change of temperature. 

But if a body of magma rises to high levels in the crust, 
and especially if communication is established with the atmos¬ 
phere, then the pressure may be lowered so far as to permit 
vesiculation (boiling) and rapid loss of gases, especially water. 
The effects that may follow the loss of gases from the magma 
have already been indicated. 

The Order of Crystallization in Eruptive Rocks 

If now, aware of all the complications and difficulties that 
we have discussed in the last few pages, we try to establish the 
order of crystallization of a particular rock, we find that there 
are only three rules for our guidance, namely: — 

(1) When one crystal encloses another, the latter is of 
earlier formation; 

(2) The earlier crystals will generally be well shaped, the 

later ones less so owing to their mutual interference; 

(3) When a rock contains both large and small crystals, it 
is to be presumed that the large crystals started to 
grow first. 

But straightforward as these rules seem, they are not 
wholly reliable, as the following observations show. In some 
of their experiments on synthetic lavas, Fouqu6 and L6vy 
observed that leucite crystals were formed which held en¬ 
closures of glass, and that this glass subsequently crystallized 
and formed minute augite crystals within the leucite. J. 
Morozewicz (1) has described synthetic cordierite crystals with 
glass enclosures which, on continued heating, deposited mag¬ 
netite crystals within the host. In either of these cases, the 
application of rule 1 would lead to the wrong conclusion as to 
the order of crystallization. F. Walker has found olivine 
crystals enclosing small crystals of augite, and has shown that 
the augite is the younger of the two minerals, the magma 
having made its way along cracks in the olivine crystals and 
crystallized there as augite and feldspar. G. P. Merrill, too, 
observed augite growing along cracks in olivine crystals. 
Quite recently, F. Homma has identified plagioclase, augite 
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and magnetite that crystallized from occluded drops of magma 
within large crystals of plagioclase, in a Japanese andesite. 

N. L. Bowen points out that it depends entirely on the 
direction in which* a rock-section happens to be cut, whether 
an enclosure seems to lie at the centre or near the margin of 
the host. An enclosed crystal may appear in the centre of the 
section, yet it may have lain only just within the margin of the 
host. In such a case it is possible that the core of the host 
crystallized before the enclosed crystal, and the mantle after¬ 
wards; thus the apparent order of crystallization, as judged by 
enclosures, is really the order of completion of crystallization, 
not that of beginning of crystallization as it is usually held 
to be. 

The second rule is also doubtfully reliable, for some 
minerals, such as garnet and staurolite, are able to form well¬ 
shaped crystals even when they grow in a solid matrix; this is 
shown by the appearance of perfect crystals of these minerals 
in metamorphic rocks which have been recrystallized without 
melting. On the other hand, a mineral which lacks crystal out¬ 
lines was not necessarily formed at a late stage, for crystals of 
early formation, such as quartz and olivine crystals in certain 
lavas, are often partly resorbed at a later stage in the cooling 
process and so become rounded. 

As regards the third rule, when one constituent such as 
feldspar occurs in enormous crystals which are embedded in a 
fine-grained crystalline matrix, one naturally concludes that 
the large crystals started to grow long before the little ones. 
Yet feldspar crystals of the largest size in granites and syenites 
are often full of minute enclosures of the other minerals right to 
the centre. The big leucite crystals in the lavas of the Eifel 
district of Germany often enclose grains of every other mineral 
that is associated with them. In these cases the third rule and 
the first lead to different conclusions. 

It is such difficulties and contradictions as these that give 
force to J. H. L. Vogt’s remark that “ many of the petro- 
graphical contentions about the order of crystallisation in 
igneous rocks are partly questionable and partly wrong.” The 
contentions to which Vogt takes exception are those that are 
embodied in the Rosenbusch Rule, according to which the 
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normal order of crystallization in eruptive rocks is as 
follows:— 

(1) Accessory minerals, such as zircon, xenotime, apatite, 
magnetite, chromite, sphene: or more generally those 
constituents which are present in smallest quantity; 

(2) Ferromagnesian minerals, orthosilicates such as 
olivine preceding metasilicates, and ortho-pyroxene 
preceding clino-pyroxene; 

(3) Feldspars and other alkaline silicates, the lime feld¬ 
spars first; 

(4) Quartz, and any glassy residue. 

It must be said at once that the great petrographer whose name 
is associated with the rule was fully aware that his rule is one 
with many exceptions; the question before us is whether the 
exceptions are important enough to invalidate the rule. It will 
be seen that the very first section of the rule appears to con¬ 
tradict the laws of solution, for the components that are present 
in least amount ought to be among the last to crystallize. But 
when, in a granite, one sees minute crystals of zircon, xenotime 
or allanite enclosed in biotite, and little biotite scales enclosed 
in orthoclase, what conclusion can one draw except that the 
zircon crystallized first, then the biotite, and lastly the feld¬ 
spar ? It is true that if the minerals had all crystallized at the 
same time, then the large and abundant feldspar crystals would 
be almost certain to enclose some of the smaller biotites and 
zircons; but then it is almost as unlikely that the minerals 
should all have crystallized at the same time as it is that zircon 
should have crystallized first. 

The strange contradiction now appears, that whenever the 
proportion of an accessory mineral such as zircon rises to a 
higher value than usual, then that mineral appears to have 
crystallized at a later stage than usual. So in a nepheline 
rock occurring at Mariupol, Russia, which contains about 2 
per cent of zircon, that mineral has enclosed albite and aegirine. 
According to J. Morozewicz (2) the order of beginning of 
crystallization in this rock was albite, aegirine, zircon, 
nepheline; and the order of completion of crystallization was 
zircon, nepheline, aegirine, albite. Late crystallization of 
zircon has also been noticed in the zircon-syenites of Norway, 
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and the writer has observed it in a dyke rock in South West 
Africa; in each case the rock is unusually rich in zircon. 

Sphene, like zircon, is often present in more than the 
average quantity in some syenites and foyaites. A dyke-foyaite 
in Assynt, Scotland, which was described by J. Horne and 
J. J. H. Teall, contains much sphene which has crystallized in 
skeleton plates, enclosing orthoclase, nepheline, and pyroxene. 
{Fig. 16.) Poikilitic sphene is abundantly present in the 



Fig. 15. Skeleton crystal of sphene (dotted) enclos- 
ing pyroxene (P), orthoclase and nepheline; Assynt, 
Scotland. (After J. J. H. Teall.) Magnification 28. 


“melteigite” of the Fen district, Norway (W. C. Brogger), 
and in the foyaite of Beemerville, New Jersey. 

Apatite also shows such anomalies, for plagioclase, horn¬ 
blende, augite and olivine have all been observed to be 
enclosed in apatite at one time or another. W. S. Bayley 
figures skeleton crystals of apatite from a diabase in Minnesota, 
and P. A. Wagner has figured similar skeleton crystals from 
'*blue ground” at Kimberley, in which apatite is one of the 
last minerals to crystallize. {Fig. 16.) 

The lime-iron garnet, melanite or andradite, is an acces¬ 
sory constituent of many syenitic rocks, and it frequently 
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crystallizes at a very late stage. C. W. Drysdale mentions an 
augite syenite at Franklin, British Columbia, carrying melanite 
which has crystallized after biotite, hornblende and diopside. 
Still later crystallization of this mineral has occurred in Fin¬ 
land, where it follows nepheline (V. Hackmann); and the writer 
(1, 2) has described instances of very late formation of melanite 
in Scotland and in the Transvaal. (Fig. 17.) Similar obser¬ 
vations were made by W. C. Brogger (1) in the Fen district, 
Norway. The relatively rare titanosilicates and zircono- 
silicates which appear in the role of accessory constituents in 
many soda-rich rocks are among the latest minerals to crystal- 



Fig. 16. Skeleton crystals of apatite from kimber¬ 
lite; Kimberley. (After P. A. Wagner.) 


lize. In the foyaites and tinguaites of Pilansberg, Transvaal, 
the writer (3) has found eudialyte, astrophyllite, molengraaf- 
fite (lamprophyllite) and pectolite in the form of poikilitic 
plates which enclose every other mineral in these rocks. 

Even the oxides crystallize late at times. W. C. Brogger 
(2) recorded the occurrence of nepheline in magnetite in 
Norway, and A. Streng showed that, in certain German dia¬ 
bases, magnetite had crystallized after plagioclase and olivine. 
Ilmenite sometimes encloses orthoclase; and even chromite, 
which, as a rule, precedes olivine, has been observed to be 
moulded on olivine crystals in the island of Rum (A. Marker). 
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When we come to the second section of the Rosenbusch 
rule, the exceptions are no less numerous. It has always been 
recognized that plagioclase begins to crystallize before augite 
in many dolerites and basalts. A. Streng’s observations (2) 
on the basalts of Giessen, Germany, illustrate this point very 
clearly. These rocks contain plagioclase, augite and olivine, 
and the upper levels of the flows are partly glassy. In the 



Fig. 17. Melanite (black) with pyroxene, nepheline, apatite, sphene 
and cancrinite. The melanite is interstitial to all constituents except 
cancrinite. Magnification 20. Sekukuniland, Transvaal. 


more light coloured facies, there are crystals of plagio¬ 
clase and olivine in a glassy base which retains the augite; 
while in the darker facies the crystals are of augite and olivine, 
and it is the feldspar which is retained in the glass. 
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A. Harker showed that among the anorthite-olivine rocks 
in the island of Rum, Scotland, those varieties which hold 
much olivine show that mineral crystallizing first; the 
anorthite-rich varieties show anorthite crystallizing first; and 
some rocks of intermediate composition show the two minerals 
to have crystallized simultaneously. {Fig, 18.) 

It has lately been shown by N. L. Bowen and J. F. 
Schairer that whether olivine or pyroxene crystallizes first 
(from an anhydrous melt) depends upon the composition of the 
olivine. If the latter is a highly magnesian variety then it 
crystallizes before pyroxene; but if both minerals have a high 



Fk;. 18. Olivine crystals enclosing and moulded upon 
anorthite; island of Rum. (After A. Harker.) Magnifica¬ 
tion 20. 


content of iron then the pyroxene crystallizes first. Observa¬ 
tions made by H. G. Backlund and D. Malmquist among the 
basalts of Greenland are in agreement with the conclusions of 
Bowen and Schairer. 

With the third clause of the Rosenbusch rule, as far as it 
can be considered apart from the preceding ones, there is less 
fault to be found. The crystallization of lime-rich plagioclase 
before soda-rich plagioclase is a necessary consequence of the 
course of the freezing curves (page 93 and Fig. 11). The 
earliest-formed plagioclase contains more anorthite than the 
liquid with which it is in contact, and subsequently reacts 
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with the liquid as already described. If reaction takes 
place without interruption, the resulting; crystals will either 
be homogeneous or else their composition will vary in a 
continuous manner from centre to margin. But many 
plagioclase crystals exhibit an oscillatory succession of zones 
which are alternately more sodic and more calcic. The 
passage from one zone to the next may be either gradual or 
abrupt, and the course of crystallization has often been inter¬ 
rupted by periods of corrosion. F. Homma has furnished an 
exact study of a plagioclase crystal from an andesitic lava of 
Japan, which shows fifty-one zones separated into five groups 
by corrosion surfaces. It is certain that such a crystal has 
had a very complex history. 

Many attempts have been made to explain oscillatory and 
reversed zoning in feldspars. In the case of the Rapakiwi 
granites of Sweden and Finland, where the large orthoclase 
crystals have mantles of oligoclase around them, it has been 
assumed that the orthoclase crystals, after growing to a certain 
size, sank, or by some other means came into a layer of magma 
in which the crystallization of plagioclase had not been com¬ 
pleted, and there received their mantles. 

A more probable explanation of this phenomenon has been 
given by H. H. Thomas and W. Campbell Smith, who have 
shown that in the granite of Tr^gastel, Brittany, the formation 
of mantles of oligoclase about the alkali-feldspar is a conse¬ 
quence of cross-assimilation between the granitic magma and a 
basic igneous rock which it invaded. The matter was dis¬ 
cussed in chapter V. 

J. E. Hibsch described large plagioclase crystals in basalts 
of the central Caucasus, which show a core of the composition 
AbiAn,, followed by a sharply defined outer zone of which the 
innermost layer is AboAn,, which in turn becomes more sodic 
towards the outside. Thus there is a reversal of the normal 
order in passing from core to mantle, but the usual order is 
followed in the successive zones of the mantle. Hibsch ex¬ 
plains this by supposing that the cores were formed in an 
andesitic magma which at a later stage was mixed up with a 
basaltic magma rich in anorthite; but such an explanation is 
simply a confession of ignorance as to what happened. Other 
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attempts to explain oscillatory zoning in feldspar depend upon 
fluctuations in the temperature of the magma or in the con¬ 
centration of fugitive constituents; upon a recurrent condition 
of supersaturation in the magma; or upon a lack of balance 
between the rate of diffusion and the rate of crystallization. 
The problem of zoned crystals has been discussed in terms of 
physical chemistry by J. Phemister and by E. S. Hills. 

Between feldspars and feldspathoids the relations are irre¬ 
gular. Sodalite is sometimes enclosed by orthoclase, some¬ 
times interstitial to it, and again the two minerals may form 
micrographic intergrowths. This is also true of nepheline. 
In the green foyaite of Pilansberg, Transvaal, large insets of 
green microcline have crystallized before nepheline, while in 
the white foyaite of the same place the feldspar insets are 
full of little enclosures of nepheline and sodalite (S.J.S., 3). 
Leucite sometimes crystallizes at a very early stage, for some 
of the lavas of Vesuvius contain large crystals of leucite at 
the time when they are poured out of the volcano. Analcime, 
in the few rocks which contain it, is usually the very last 
mineral to form; yet the “ blairmorite** of Canada, which 
holds over seventy per cent of analcime, has large crystals of 
that mineral set in a fine-grained groundmass consisting of 
smaller analcime crystals together with pyroxene, nepheline, 
orthoclase and melanite. Porphyritic lavas with insets of 
analcime have been described in the Highwood Mts. of 
Montana (Larsen and Buie). 

As regards quartz, the Rosenbusch rule is very often 
at fault. Apart from the fact that many rhyolites and 
pitchstones show crystals of quartz in a glass-base, we have 
evidence even from granites to show crystallization of quartz 
before feldspar, or at least before the completion of the 
feldspar period. A. Barker and J. E. Marr described a 
granite-porphyry at Wasdale Crag, Westmorland, in which 
the larger feldspars enclose perfectly formed quartz crystals 
rising to one-fifth of an inch in diameter. In the Rapakiwi 
granites of Sweden and Finland the quartz typically appears 
as perfect little bipyramids enclosed in feldspar. A. Lagorio, 
by examining the composition and order of crystallization of 
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many rhyolites and porphyries, brought out the approximate 
rule that in rocks of moderate acidity (about 55 to 65 per cent) 
the glass base is more acid than the entire rock, while in very 
acid rocks the base is less acid. In other words, quartz begins 
to crystallize early from highly siliceous rocks and late from 
those of moderate acidity. J. H. L. Vogt (2) confirmed this, and 
showed that the boundary lies at about 74 per cent of total 
silica. 


Conclusion. 

The only conclusion we can draw from the foregoing dis¬ 
cussion is that there is no such thing as a constant order of 
crystallization, applicable to all magmas or even to one magma 
under different physical conditions. The Rosenbusch rule has 
no theoretical or experimental justification, and even on the 
basis of observation it cannot be upheld. Yet the strange fact 
remains that the rule seems to be applicable to a large number 
of rocks. How can this be ? 

The explanation lies partly in the matter that we discussed 
at the beginning of this chapter, namely, the inadequacy of 
the microscopic method of study. If little crystals of mineral 
A are seen to be enclosed in larger crystals of mineral B, does 
that really demonstrate that the period of crystallization of A 
was earlier than that of B? It depends, as Bowen showed, 
on the position of the enclosures within the host. If an en¬ 
closed grain lies at the centre of its host, then it is probably 
safe to say that the former crystallized first; but that con¬ 
clusion applies only to the grains actually studied. It does 
not prove that all of A crystallized before all of B, for the same 
accidental enclosure of one mineral within the other might 
happen during simultaneous crystallization of both minerals 
at a ootectic surface. Again, if an enclosed grain of A lies 
just within the margin of B, then it is possible that crystalliza¬ 
tion of A may only have begun as that of B was finishing. 
Thus, in such a case as we have pictured, where large crystals 
of an abundant mineral Enclose smaller crystals of a less 
abundant one, the enclosed mineral may have crystallized 
entirely before the host mineral, or at the same time, or 
partly after it. And if the enclosed mineral was formed 
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either by exsolution, as albite in microperthite, hypersthene in 
clino-pyroxene, sphene m melanite; by inversion, as nepheline 
and orthoclase replacing leucite; or by the crystallization of 
occluded drops of liquid, then it may be wholly younger than 
its host. 

There is indeed good reason for thinking that such diverse 
minerals as plagioclase, augite, hornblende and biotite have 
often crystallized at the same time in eruptive rocks. We saw 
that T. F. W. Barth has established (at least provisionally) the 
position of the cotectic surface for plagioclase and pyroxene in 
basalts. S. Tsuboi has made the curious discovery that in 
Japanese granites the refractive indices of biotite and horn¬ 
blende show a progressive increase as the albite content of the 
associated plagioclase increases. One can hardly avoid the 
conclusion that all three minerals were growing in the magma 
at the same time. 

But not all the discrepancies between theory and observa¬ 
tion can be ascribed to the inadequacy of the microscopic 
method of study. Some of them are undoubtedly to be 
explained by the action of residual solutions of magmatic 
origin, which bring about recrystallization and replacement of 
some of the early-formed minerals. This matter will be dis¬ 
cussed in chapter X. These residual solutions are often rich 
in soda, and they can be shown to have reacted with plagio¬ 
clase, replacing lime-feldspar by albite. It is highly prob¬ 
able that other sodic minerals such as asgirine, soda- 
amphiboles, cancrinite, eudialyte and pectolite were intro¬ 
duced by residual solutions and that they crystallized in the 
interstices of a rock that was already almost completely 
solid, to some extent replacing the earlier minerals; that is, they 
did not crystallize in the magmatic stage at all but in the hydro- 
thermal stage. This may also be true of some of the lime 
minerals such as calcite, wollastonite, melanite, vesuvianite and 
even of some sphene and apatite. It is conspicuously true of 
tourmaline, which sometimes replaces feldspar completely. The 
residual solutions seem to have a remarkable power of pene¬ 
trating minute openings such as cleavage planes and twinning 
planes, in which they may deposit crystals which are actually 
younger, although they appear to be older, than their host. 
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When we make allowance for all these disturbing factors, 
we must conclude that microscopic study alone is not always 
a safe guide to the cooling history of a rock. On the other 
hand, the experimental study of anhydrous melts in the labora¬ 
tory may be almost equally misleading since the influence of 
water is excluded. This leaves us in a quandary from which the 
only way of escape is the realization that observation must go 
hand in hand with experiment if we are ever to understand the 
whole story of the genesis of an eruptive rock. The first step is 
to realize that the emplacement and consolidation of a large 
body of magma in the earth-crust is a highly complex process, 
involving repeated changes of pressure and temperature, accom¬ 
panied by the loss of some constituents to the wall-rock or the 
atmosphere and the gain of other constituents from the wall- 
rocks; that conditions of mixing are far from perfect, and that 
different parts of the same body of magma may in consequence 
follow different courses of development; that these partial 
magmas may be brought together again by later movements, 
and that at any stage in their cooling they may receive fresh 
increments of magma or magmatic solutions from below. 
Under such conditions as these there can be no permanent 
equilibrium in the system until it has cooled almost to atmos¬ 
pheric temperature. It is certain that no arbitrary rules of 
crystallization can ever cover such a complex history. 
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The intellectual frogress of mankind has been a continual 
disentanglement and simflificaiion, leading to increased 
grasf and power. —H. G. WELLS. 


CHAPTER VIII 

COMPATIBLE AND INCOMPATIBLE PHASES 


It is a familiar observation to petrographers that leucite, 
nepheline, olivine and a few other minerals are almost never 
found in rocks which contain free quartz or tridymite. The 
implication is that the molecules of these minerals are unstable 
in the presence of free silicic acid, under such conditions as 
are realized in rock-magma, because they can combine with it 
to form higher silicates. The writer, in 1913, described such 
minerals as unsaturated with silica, while those minerals which 
are capable of crystallizing from rock-magma even in the pre¬ 
sence of an excess of silica were said to be saturated with re¬ 
gard to silica. A saturated mineral is not necessarily a silicate 
at all; even certain oxides, titanates, and phosphates are 
saturated in the above sense, since they are stable in the pre¬ 
sence of an excess of silica under magmatic conditions. 
Saturated minerals and quartz are compatible phases; un¬ 
saturated minerals are incompatible with quartz in a normal 
eruptive rock. The common saturated and unsaturated 
minerals are named in the following lists: — 


Saturated 
All feldspars 
All pyroxenes 
All amphiboles 
All micas 
Tourmaline 
Fayalite (iron olivine) 
Spessartite 
Almandine 
Sphene 
Zircon 
Topaz 
Magnetite 
Ilmenite 
Apatite 


Unsaturated 

Leucite 

Nepheline 

Sodalite, haiiyne, nosean 

Cancrinite 

Analcime 

Olivine (magnesian) 

Melanite (andradite) 

Pyrope 

Perovskite 

Melilite 

Corundum 

Calcite 

Spinel ? 


U8 
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The experimental studies of silicate melts which have been 
made in the course of the last twenty years have justified this 
grouping of the rock-forming minerals; and the actual tem¬ 
peratures at which certain of these minerals are stable or 
become unstable (in the crucible) have been determined. While 
it is of the greatest importance to have experimental confirma¬ 
tions of the petrographic evidence, one must always remember 
the differences between magma and dry melt which were 
pointed out in an earlier chapter. Some minerals form readily 
from dry melts; others require water for their generation. The 
presence of fugitive constituents in the magma affects every 
equilibrium temperature. Thus, from our point of view, it is 
the petrographic evidence that is of the foremost importance; 
the chemical evidence, in the present stage of investigation, is 
only confirmatory. In the following discussion we shall make 
use of both kinds of evidence. 

That quartz and magnesian olivine are incompatible in 
eruptive rocks is shown by a multitude of observations, of 
which only a few can be mentioned here. The following table 
shows the relation between silica content and mineralogical 
development in a series of basalts in the Eureka district of 
Nevada (A. Hague). 


Numbir 

Silica 

Olivine 

1. 

49-23 

Rich in macroscopic secretions 

2. 

51-86 

Rich in microscopic secretions 

3. 

57-42 

Abundant, microscopic 

4. 

5806 

Easily recoj^nized under microscope 

5. 

58-26 

Only a trace 

6. 

58-60 

None detected 

7. 

58-64 

Detected under the microscope 

8. 

59-51 

None detected 

9. 

59-64 

None detected 

10. 

60-11 

None detected 


G. W. Tyrrell has described a series of dolerite intrusions 
at Kilsyth, Scotland, which contain olivine when quartz is 
absent, but hypersthene in all cases where quartz is present. 

When a normally olivine-bearing rock makes contact with 
siliceous country rocks, it is often observed that reaction has 
taken place between them, leading to the disappearance of 
the olivine. Sills of olivine dolerite at Nordingra, Sweden, 
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lose their olivine and become quartz-bearing when they come 
into contact with sandstone or granite (A. G. Hogbom). 
Olivine grains in the Palisade diabase of New Jersey develop 
mantles of enstatite near the sandstone walls of the intrusion 
(J. V. Lewis). Many examples of this reaction are furnished 
by A. Lacroix in his volume on the inclusions of volcanic 
rocks; quartzose enclosures in olivine-bearing lavas have been 
partly assimilated by the lava, which in the neighbourhood of 
the enclosures loses its olivine and develops pyroxene instead. 

A certain number of rocks undoubtedly carry both a little 
olivine and a little quartz. In some cases the explanation is 
that the quartz grains are of foreign origin, as in the instances 
just mentioned. Other well known examples are the “ quartz- 
basalts ** which J. S. Diller described from New Mexico. A 
recent re-examination of these rocks by R. H. Finch and C. A. 
Anderson has shown conclusively that the quartz is a foreign 
substance. A more general explanation of this abnormal asso¬ 
ciation was supplied by N. L. Bowen and O. Andersen, who 
showed that in the crucible enstatite dissociates at 1557® C. into 
forsterite and silica; thus above the temperature of transforma¬ 
tion olivine (forsterite) is compatible with free silica, but below 
that temperature it reacts with silica to form enstatite (clino- 
enstatite in the laboratory experiments). From a melt of the 
composition MgSiOg forsterite begins to crystallize at 1580® C. 
and continues to crystallize until the temperature falls to 
1557® C.; thereafter forsterite is resorbed and clino-enstatite 
crystallizes until the whole mass is solid. Now, such a tempera¬ 
ture as 1557® C. is well above the normal range of the magma, 
but this temperature must be lowered by the presence of other 
components in the magma and especially by the presence of 
some iron in the olivine; so it is in the “ Bowen-Andersen 
effect that we may seek the explanation of the occasional con¬ 
junction of olivine and quartz in rocks. If the magma is 
cooled rapidly after olivine has begun to crystallize, then the 
reaction between olivine and silica is prevented and we have a 
rock composed of a few crystals of olivine with or without other 
minerals embedded in a siliceous glass. Lavas of this char¬ 
acter have been described by H. S. Washington (1) at Monte 
Ferru, Sardinia, and by H. H. Robinson at San Francisco 
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Mountain, Arizona. A similar effect may be produced by the 
olivine crystals becoming enclosed in pyroxene and so pre¬ 
vented from reacting with the siliceous residual magma; the 
latter, if it crystallizes completely, must then yield some quartz, 

A later investigation by Bowen and J. F. Schairer (1) of 
the system MgO-FeO-SiOa has confirmed Bowen’s earlier con- 
elusions and has furnished no support for the idea that ordi¬ 
nary basaltic olivine can form in equilibrium with silica. 

As regards fayalite, or iron-olivine, the circumstances are 
different. Fayalite appears in association with quartz or 
tridymite in a number of lavas and even in some granites and 
syenites. H. S. Washington (2) described acid lavas from the 
island of Pantelleria which contain a little fayalite, and the 
writer has found this mineral to be quite common in the quartz- 
trachytes of Kenya. Wager and Deer have shown that 
olivine containing more than 60 per cent of fayalite is stable 
in presence of quartz in the remarkable “ ferrogabbro ” of 
East Greenland. V. Sobolev has described pegmatitic quartz- 
fayalite diabase in Siberia, which holds 8 per cent of an 
olivine containing 80 per cent of the fayalite molecule, along 
with 15 per cent of quartz. According to the field evidence, 
therefore, fayalite is not incompatible with quartz. This 
need not surprise us, since the pure compound FeSiO, is 
unknown in nature. Bowen and Schairer (1) were able to 
prepare pyroxenes containing as much as 87 per cent of this 
molecule, but they failed in the attempt to synthetize the pure 
compound. On the other hand, they demonstrated the exist¬ 
ence of a fayalite-tridymite eutectic at 1178® C. 

We see, then, that the petrological evidence of the incom¬ 
patibility of magnesian olivine with free silica, and of the 
compatibility of fayalite, has been completely confirmed by 
experiment. All common olivine is magnesian and therefore 
unsaturated. 

Coming now to leucite, we find very few records 
of the association of leucite with quartz. In some 
of them the quartz is demonstrably of foreign origin. 
A. Lacroix described several occurrences of this nature. 
Thus the “ leucitite n^ph^linique ” of Korretzberg, Rhenish 
Prussia, normally contains no feldspar, but where it 
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holds quartzose enclosures it develops feldspars at the expense 
of its leucite and nepheline. Similar phenomena are described 
at Bertrich in the Eifel and at the Kaiserstuhl in Baden. In 
other cases, the material is the mysterious substance called 
“ pseudoleucite,** and it proves nothings at all about the 
stability of fresh leucite. The remarkable “ leucite-granite- 
porphyry ’* which E. Hussak found at Serra de Caldas, Brazil, 
contains pseudo-crystals of sharp trapezohedral form, com¬ 
posed of orthoolase and nepheline with a little spinel and 
corundum, set in a fine-grained base of granitic composition. 
Quartz iis never found in the pseudo-crystals, or nepheline in 
the base, and a narrow mantle of orthoclase laths separates the 
core of each pseudo-crystal from the siliceous base. Hussak 
supposed that a granophyric magma had invaded and broken 
up a leucite-bearing rock; but the question requires further 
investigation in the field. 

Experiments made in the last decade of the 19th century 
by C. and G. Friedel, and afterwards repeated by E. Baur and 
by C. N. Fenner, showed that either leucite or orthoclase could 
be produced, from melts of suitable composition, by varying 
the proportion of silica. G. W. Morey and N. L. Bowen have 
since proved that leucite bears the same relation to orthoclase 
that olivine (forsterite) does to enstatite. If pure orthoclase 
is heated to IITO"* C. it dissociates into leucite and silica; con¬ 
sequently leucite is compatible with free silica above 1170° C., 
but not below that temperature. It is therefore possible that 
leucite may crystallize at an early stage from some highly 
potassic magmas and afterwards be transformed into orthoclase; 
or, if the rate of cooling was rapid, some crystals of leucite 
might be preserved in a base of siliceous glass. Such a rock 
was discovered by W. Cross in Wyoming and named wyo- 
mingite. It consists of phlogopite, leucite, diopside and 
nosean with some interstitial glass. Chemical analysis of the 
rock shows that there is enough silica present to have con¬ 
verted all the leucite into orthoclase if the conditions of cool¬ 
ing had been favourable. 

The systems nepheline-leucite-silica, anorthite-leucite- 
silica, and diopside-leucite-silica have now been worked out 
experimentally by J. F. Schairer and N. L. Bowen. The 
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equilibrium diagram for each of these systems shows that the 
leucite field is completely separated from the tridymite field by 
an orthoclase field; from which it follows conclusively that 
leucite and quartz or tridymite are incompatible under condi¬ 
tions of equilibrium. 


Si02 



In the case of nepheline, we have again very few records 
of quartz and nepheline appearing in the same rock, and all of 
them are explained as the result of contamination of the 
magma. R. Heinrich describes some basaltic lavas containing 
both nepheline and olivine, which cut through granite near 
Rothau in Bohemia. Fragments of the granite which are 
enclosed in the basalt have been much corroded, and in their 
neighbourhood nepheline does not appear at all in the basalt, 
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while the olivine grains have been attacked and converted 
partly or wholly into pyroxene. In other cases it is the quartz 
grains which are changed. Lacroix records a case in the 
Vosges Mts. where quartz grains enclosed in nephelinite have 
been converted into soda-zeolites. F. Cornu observed that 
fragments of granite enclosed in nepheline basalt at Salesl, 
Bohemia, have their quartz changed into apophyllite; this 
observation has been repeated by A. Scheit at Teplitz. 

We have already seen (page 86) that the nepheline rocks 
of Alno, Sweden; those of livaara, Finland; and some others 
have been acidified at their junctions with granite or gneiss, 
resulting in the non-appearance of nepheline in the contact 
rocks. The behaviour of the nepheline-rich pegmatites of the 
island of Seiland, Norway, is also significant. According to 
T. F. W. Barth these nepheline-pegmatites cut the peridotites 
of the island, but are never found cutting the acid gneisses. 
All the pegmatites in the gneiss are feldspathic. 

A single record of idiomorphic nepheline in a highly acid 
granophyre at Horns Nek, Transvaal, is mistaken. The 
mineral is cordierite, not nepheline (S. J. S., 2). 

From the experimental side we have the long-standing evi¬ 
dence of Friedel, Baur, and Fenner that either albite or neph¬ 
eline may be produced at will by adding a larger or smaller 
quantity of silica to melts containing soda and alumina in the 
correct proportions. Referring again to the work of Schairer 
and Bowen (also Bowen and Schairer (2)), we find that in the 
system nepheline-albite-silica the albite field completely 
separates the fields of the other two phases, which are conse¬ 
quently wholly incompatible under equilibrium conditions. 

Nepheline and leucite are not only incompatible with free 
silica, but they are incompatible with free magnesium meta¬ 
silicate. The magnesian pyroxenes enstatite, hypersthene, 
clino-enstatite and cHno-hypersthene, as well as the pigeonitic 
pyroxenes, are never found in rocks that contain feldspathoids, 
although magnesium orthosilicate (olivine) is very common in 
such rocks. This clearly indicates that the nepheline field and 
the enstatite field, in the system olivine-nepheline-silica, are 
separated from each other by the feldspar field; and that the 
same condition obtains in the system olivine-leucite-silica. Thus 
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we find plagioclase-enstatite rocks, plagioclase-olivine rocks, 
feldspathoid-olivine rocks, but never feldspathoid-enstatite 
rocks. But if molecules of calcium metasilicate are present the 
case is altered, for calcium metasilicate combines with mag¬ 
nesium metasilicate to form the very stable compound diopside, 
CaMgSiaO#; under these circumstances any deficiency of 
silica in the magma falls upon the feldspar, because the 
orthosilicate CaMgSi 04 (which bears the same relation to 
diopside as olivine does to enstatite) is not stable under mag¬ 
matic conditions. Thus, although the feldspathoids are in¬ 
compatible with enstatite and the other magnesia-rich pyro¬ 
xenes, they are quite compatible with diopside and augite. 

The remaining feldspathoids, sodalite, haiiyne, nosean and 
cancrinite are closely related in composition to nepheline and 
are nearly always associated with it in rocks. There is there¬ 
fore an initial probability that they will behave as nepheline 
does towards an excess of silica in the magma. There is little 
direct evidence of acidification, but no lack of indirect evi¬ 
dence of the incompatibility of these minerals with quartz. So 
far as is known, none of them has ever been found in a quartz¬ 
bearing rock; their home is among the nepheline syenites and 
phonolites. Analcime is in a different position, for some of it 
seems to be primary whereas other examples are definitely 
of secondary origin, occurring along with zeolites in fissures 
and vapour cavities. In the latter case the mineral may be 
associated with rock-crystal, amethyst or chalcedony, or it may 
occupy cavities in an acid rock; but those occurrences of anal¬ 
cime which are considered to be magmatic are all in quartz- 
free rocks, most of which hold either olivine or nepheline. 

Melilite is confined to lavas of a highly basic nature, in 
which olivine is nearly always present in abundance, and in 
which the silica content scarcely rises above 35 per cent. It is 
also well known as a constituent of very basic furnace slags. 
Melilite is a very complex solid solution of rather uncertain 
composition, but one of the simple molecules composing it is 
akermanite, Ca^MgSiaOr. This is one of the phases formed 
in the system CaO-MgO-SiOa which was studied experiment¬ 
ally by J. B. Ferguson and H. E. Merwin. In this system 
the stability field of akermanite does not touch the silica field 
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at all, but is separated from it by the fields of diopside and 
pseudo-wollastonite. Another of the simple molecules that 
enter into melilite is gehlenite, CaaAlaSiOr. This appears as 
one of the phases in the system lime-alumina-silica which was 
studied by G. A. Rankin and F. E. Wright. The stability 
field of gehlenite is separated from that of silica by the fields 
of wollastonite and anorthite. 

Perovskite is a very rare mineral in eruptive rocks; it is 
commonly associated with melilite and nepheline, but avoids 
the more silicic rocks, in which its place is taken by sphene. 
It was shown by A. Bourgeois, more than fifty years ago, 
that sphene is formed in highly siliceous melts and perovskite 
in melts of low silica content. 

The lime-iron garnet, melanite or andradite, is only known 
in quartz-free syenites and phonolites, and is probably due in 
every case to the assimilation of limestone by the magma; that 
is, it is a product of desilication. The melanite syenite of 
Assynt, Scotland, occupies an intermediate place between a 
quartz-syenite and a limestone, and melanite only appears 
when quartz has disappeared. (S. J. S., 3.) This matter is 
discussed at greater length in chapter XVI. 

The magnesian garnet, pyrope, is restricted to very basic 
rocks such as peridotites, pyroxenites and serpentines, which 
are generally free from feldspar. There is nothing in the 
known facts of distribution of either melanite or pyrope to 
suggest that these minerals are capable of forming in presence 
of an excess of silica. 

In the case of corundum, the common association is with 
plagioclase (Transvaal; Ural Mts.), or nepheline (Cajiada; 
India), in quartz-free rocks. The important corundum de¬ 
posits of the Transvaal are in plagioclase-biotite pegmatites, 
and A. L. Hall remarks that “ not a single example was 
observed where a corundiferous reef also carried quartz.** It 
is possible, however, that at the very low temperature under 
which crystallization takes place in some pegmatites, corundum 
and quartz may form a stable association, just as calcite and 
quartz do below 600“ C. Thus Adams and Barlow remark 
that in Ontario a small amount of quartz has sometimes been 
found in the corundiferous reefs; and Barlow states that in a 
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pegmatite in Colorado “the corundum seems to favour asso- 
ciation with quartz.” But E. S. Larsen contends that these 
coarse corundum pegmatites are low-temperature hydrothermal 
products, and H. W. Tomlinson has described the production 
of corundum from plagioclase by the action of magmatic 
solutions. 

As regards spinel there is little evidence, but C. E. Tilley 
notes that in the garnet-gneisses of South Australia spinel is 
never found in contact with quartz, but is always separated 
from it by a shell of garnet or sillimanite. 

Calcite has been recognized as a constituent of nepheline- 
syenites in Ontario, Sweden, and elsewhere, and of quartz¬ 
bearing aplites at Gowganda, Canada. The reaction between 
calcite and silica has already been discussed (p. 57), and in the 
light of the experimental evidence it would seem to be correct 
to regard calcite as an unsaturated mineral above 500° C., and 
a saturated one below that temperature, under atmospheric 
pressure. 
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Man longs for causes, and the weaker minds, unable to 
restrain their hunger, often barter for the most sorry 
theoretic pottage the truth which patient enquiry would 
make their own .— John Tyndall. 

CHAPTER IX 

ERUPTIVE ROCK COMPLEXES 

The crystallization of a body of eruptive magma does not 
always yield a homogeneous body of rock. Indeed, there are 
so many factors tending to oppose homogeneity that it is 
rather a matter for surprise that many large bodies of rock 
have nearly the same composition throughout. But other 
bodies are visibly complex, and even the most uniform-looking 
granite or gabbro will show a certain degree of variability 
when studied in detail. Many examples of lack of homo¬ 
geneity were discussed in Chapter V, where they were ascribed 
to reaction between the magma and its walls. There is no 
doubt that assimilation of country rocks is one of the most 
frequent causes of heterogeneity in eruptive rocks, but it is 
not the only cause. 

The variations of composition observed within bodies of 
eruptive rock are all too frequently referred to a mysterious 
process called ‘‘ magmatic differentiation.’* This doubly- 
unhappy expression implies that rock-magma has a capacity, 
not possessed by common liquids, for spontaneously changing 
its composition; and it carries the further implication that all 
the variations observed in rock masses are the result of a single 
process. Neither of these implications is correct. Rock 
magma is subject to the same laws as other solutions, and if a 
homogeneous magma gives a heterogeneous product it must be 
for reasons with which other solutions have made us familiar. 
In addition to the assimilation of country rocks, which we have 
already discussed, the following factors are capable of pro¬ 
ducing heterogeneity in bodies of eruptive rock: 

fl) Density stratification in the liquid magma; 

(2) The mingling of two or more magmas; 

(3) Differential movement of crystals and residual liquid during 

crystallization; 

(4) Varying concentration of the fugitive constituents; 

(5) PosLmagmatic alteration and replacement. (Discussion in 

Chapter X.) 


U9 
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(1) Density Stratification in the Liquid Magma 

There are two ways in which a density-gradient may be 
set up in a body of liquid that has not begun to crystallize. 
One of them depends on the separation of immiscible liquid 
phases; the other is independent of that complication. The 
theory of immiscible liquid phases has always proved very 
attractive to petrologists who have observed the frequent asso¬ 
ciation of gabbro with granite or granophyre, and basalt with 
trachyte. Indeed, the spontaneous splitting of the magma into 
distinct liquid phases seems to have been the original idea 
underlying the use of the term magmatic differentiation. 

It is known that certain organic liquids, such as phenol 
and nicotine, are completely miscible with water within a cer¬ 
tain range of temperature, but only partly miscible at higher 
or lower temperatures. Applying this idea to rock-magma, it 
has been supposed that with falling temperature the magma 
will tend to split into two liquids, the lighter of which will rise 
and float upon the heavier. After crystallization has taken 
place, it is supposed that we should then have a lighter rock, 
such as granite, resting upon a denser rock such as gabbro, 
with a sharp junction between them. Since two fluids of 
different composition would be unlikely to finish their crystal¬ 
lization at the same temperature, one of these rocks might 
even show an intrusive relation towards the other. 

This hypothesis is attractive in its simplicity, but it must 
be said that it is quite unsupported by experimental evidence. 
Many silicate melts of composition very similar to that of erup¬ 
tive rocks have been studied in the laboratory and they have 
shown no tendency whatever towards immiscibility. A. S. 
Ginsberg and K. S. Nikogosyan melted diabase and granite 
together in various proportions and found them completely 
miscible. Certain mixtures of lime, magnesia and other 
oxides with an excess of silica, which were studied by J. W. 
Greig, did indeed give immiscible liquid fractions at tempera¬ 
tures in the neighbourhood of 1700® C.; but the composition 
of these melts is very different from that of any known erup¬ 
tive rock and the temperature much higher than any recorded 
magmatic temperature. We seem justified in concluding, as 
Greig himself did, that his observations “ do not offer sup- 
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port to the idea of diflPerentiation by the splitting of a magma 
into two immiscible liquids.” D. P. Grigoriev has demon¬ 
strated immiscibility in melts of silicates with fluorides, but 
these melts differ very greatly from natural magmas. 

N. L. Bowen (1) has strongly opposed the hypothesis of 
liquid immiscibility in natural rock-magma. He points out 
that the unmixing of two liquids takes place by the slow 
growth and coalescence of many small globules, and that one 
might reasonably expect these globules to have been preserved 
in some instances. It is most unlikely that all the globules 
would collect into a separate and distinct layer, leaving no 
evidence of their existence. If immiscibility were a common 
phenomenon in nature, such globules would be common in 
glassy lavas, but this is not so. In a single instance of a 
“ globule-bearing ” quartz-porphyry, described by J. L. 
Tanton, it was demonstrated by J. W. Greig that the sup¬ 
posed globules are actually spherulites formed by partial 
crystallization of an already solid lava. F. Levinson-Lessing 
described, as long ago as 1884, a glassy diabase at Jalguba in 
Karelia which contains globules (varioles) of acid glass. In 
1935 he again drew attention to this phenomenon, claiming 
that it illustrates unmixing in the liquid state. The variolitic 
rocks are associated with, and form a textural variety of, a 
body of normal diabase. Little grains and idiomorphic 
crystals of pyroxene are scattered through both kinds of glass, 
but are more abundant in the basic kind. Apart from these 
the acid glass is shown to be equivalent in composition to 23 
parts of quartz, 75 parts of oligoclase, and 1 part of mag¬ 
netite ; and the basic glass to 70 parts of bytownite, 24 parts 
of olivine, and 5 parts of magnetite. In short, the varioles 
are of dacitic glass, the groundmass of olivine-basaltic glass. 
Since pyroxene crystals appear both in the varioles and in the 
groundmass, it is suggested that the splitting of the original 
magma into two immiscible liquids took place after the period 
of crystallization of pyroxene. 

This very remarkable occurrence is unique, and the evi¬ 
dence produced certainly seems to justify Lessing’s interpreta¬ 
tion ; yet doubts and questions present themselves. If unmix¬ 
ing was able to take place even in the rapidly cooled glass> 
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facies, why is there no indication of the same process or its 
results in the normal diabase? Lessing shows by chemical 
analysis that the diabase without varioles has exactly the same 
composition as the variolitic rock, from which it must follow 
that the former has not been affected at all by unmixing. 
This paradox must be resolved before Lessing’s conclusion 
can be adopted. 

In spite of a complete lack of encouragement from experi¬ 
mental chemistry, not a few petrologists still invoke liquid 
immiscibility to explain their field observations. F. F. Grout 
(1) has used this hypothesis to elucidate the differentiation 
observed in the gabbro lopolith of Duluth, Minnesota. The 
lower part of this great intrusive body is strongly banded; its 
average composition is olivine-gabbro but individual bands 
range in composition from anorthosite to peridotite. The upper 
division is comparatively homogeneous, consisting of various 
facies of feldspathic gabbro. Between the lower and upper 
divisions, which differ slightly in age, there is a zone of “ red 
rock,” and at the top of the upper division there is another 
such zone. The red rock is an acid granite or granophyre, 
and the passage from gabbro to red rock is “somewhat 
abrupt,” the gray gabbro rapidly giving place to a bright red 
rock of totally different character. Grout ascribes the banded 
structure of the lower gabbro to the action of convection cur¬ 
rents in conjunction with crystal settling; but to explain the 
abrupt separation of granophyre from gabbro he suggests the 
splitting of the magma into immiscible fractions, of which one 
may have been “wet” or highly charged with water and the 
other relatively “dry” or anhydrous. 

On the island of Rodon, Sweden, H. von Eckermann has 
described a dyke six metres wide, cutting Rapakivi granite. 
This dyke shows a lateral gradation from diabase, in the 
middle of the dyke, through monzonite to a granite almost iden¬ 
tical with the enclosing Rapakivi. This is clearly not a case of 
successive intrusions of basic, intermediate and acid magmas. 
Von Eckermann conceives that the Rapakivi granite repre¬ 
sents the solidified top of a body of magma which separated 
into an upper layer of acid magma and a lower layer of basic 
magma; that a fissure opened through the granite and reached 
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down to the underlying basic magma which was still fluid; 
and that basic magma rose in the Assure, but as it rose it was 
succeeded, without any interruption of flow, by a further sup¬ 
ply of acid magma generated by the continued fractionation of 
the basic magma. 

It will be observed that in the flrst of these two illustra¬ 
tions there is an abrupt passage from gabbro to granite, but in 
the second there is a perfect gradation from diabase to granite. 
It is an accommodating theory that can be used to explain two 
contradictory observations I 

But without the separation of immiscible liquid fractions, 
it is still possible that in a long vertical column of liquid the 
composition may vary progressively from top to bottom in 
consequence of the influence of pressure upon solubility; as 
the pressure increases steadily from top to bottom of the 
column, the concentration should vary correspondingly. This 
phenomenon has been studied in the case of salt solutions, but 
the effect is found to be small and there is no reason to sup¬ 
pose that it would be any more signiAcant in a silicate magma 
than in any other solution. If it were, then it would be 
possible for partial magmas of slightly different composition 
to be withdrawn from different levels in the same reservoir. 

An unequal distribution of temperature might have a 
similar effect. Since the osmotic pressure of a dissolved sub¬ 
stance is proportional to the absolute temperature, a pressure 
gradient would be established between the hotter and the cooler 
parts of a body of magma, which would drive the less soluble 
molecules towards the cooler parts and increase the concentra¬ 
tion there. It has been shown that a difference of temperature 
of 100® C. may cause a difference of concentration of as much 
as seven per cent. But all processes involving molecular flow 
are excessively slow, and long before an appreciable difference 
in concentration could be produced it is likely that convection 
currents would have equalized the distribution of temperature 
throughout the magma. 

It is important to observe that under the conditions dis¬ 
cussed in either of the last two paragraphs the composition and 
the density of the magma would show a continuous variation. 
Now a rude stratiAcation more or less in accordance with 
density is exhibited by many large eruptive masses, but the 
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variation is seldom a 
continuous or regular 
one. This point is 
convincingly illus¬ 
trated by Fig. 20. 
which shows the 
variations of density 
and composition 
within the Lugar sill, 
in Ayrshire, accord¬ 
ing to G. W. Tyrrell. 

W. H. Collins 
has recently revived 
the theory that a 
magma of interme¬ 
diate chemical com¬ 
position may give 
rise, by a spontane¬ 
ous change taking 
place in the magma 
itself while it is still 
wholly liquid, to a 
more acid magma of 
the composition of 
granite and a more 
basic magma of gab- 
broic composition. 
Collins finds support 
for this view in the 
geology of the fam¬ 
ous nickel - bearing 
intrusive at Sudbury, 
Ontario. As this in¬ 
trusion has been used 
to illustrate other 
theories of differentia¬ 
tion, a brief descrip¬ 
tion is necessary. 
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The Sudbury intrusion is a great curved sheet or lopolith, 
with a boat-like outcrop some 37 miles long and 17 miles wide. 
It is formed essentially of two kinds of rock, granophyre 
(or micropegmatite) above and gabbro (or norite) below, 
the combined thickness amounting to about T5 miles. The 
former rock is mainly composed of feldspar and quartz, with 
only a small proportion of biotite, hornblende, and other dark 
minerals; the specific gravity of this rock may be as low as 
2*67. The gabbro contains plagioclase, pyroxene (often altered 
to hornblende), biotite, and other minerals in minor propor¬ 
tions ; its specific gravity rises from 2*7 to more than 2*9. The 
junction between the two kinds of rock is not always well ex¬ 
posed, which may be the reason why there has been much 
argument about its character. The earliest students of the 
area (T. L. Walker and A. P. Coleman) believed that there 
was a gradual transition from one rock to the other. T. C. 
Phemister (1) in 1925 made a careful study of the passage zone 
and found it to be very narrow, the maximum width 286 yards, 
the minimum almost nothing. From this Phemister concluded 
that the gabbro and the micropegmatite were formed from 
separate magmas, the second following the first before it had 
completely solidified. After a fresh study of the evidence, 
Coleman, Moore and Walker reaffirmed in 1929 their opinion 
that the norite and the micropegmatite were formed from one 
body of magma which has undergone differentiation in place, 
while still completely fluid. Collins (1934) confirmed 
Phemister’s observation of the narrowness of the passage zone, 
but nevertheless continued to hold, with Walker and Coleman, 
that “The norite and micropegmatite were formed in place by 
gravitative separation from a single body of molten rock matter 
(magma) that was homogeneous when intruded,” and further 
that “ separation of the two layers had been completed, or 
nearly completed, before crystallization began and must there¬ 
fore have taken place in the liquid state.” 

Except for the words “ gravitative separation ” we are 
given no clear picture of the process involved. Nothing is 
said about immiscible liquid phases, and since Collins insists 
upon the presence of a transition zone between the two layers 
the hypothesis of immiscibility would seem to be ruled out. 
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Fig. 21. Plan of the Sudbury lopolith (after W. H. CoDins). 
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Yet it is shown that the variation in density and composition, 
from the top to the bottom of the sheet, is not of a continuous 
nature. Collins says “ there is not a regular change in acidity 
and specific gravity across the irruptive. The SiOj, CaO, 
MgO and K 2 O curves all show pronounced and characteristic 
changes across the transition zone, but only minor departures 
from uniformity within the norite and micropegmatite.** Thus 
the type of differentiation favoured by Collins is a kind un¬ 
known to chemistry, for it is neither an abrupt separation of 
immiscible phases nor a gradual transition. The evidence 
advanced by Collins in support of his theory is not strong 
enough to destroy the conviction that rock magma is governed 
by the same laws as other liquids and cannot change its com¬ 
position arbitrarily. 

In a later contribution to the subject (1935), T. L. Walker 
abandons the idea that the differentiation at Sudbury took place 
in a wholly liquid medium and tries to interpret it in terms of 
ihe sinking of heavy crystals from the magma during cooling. 
But Phemister in 1937 gave additional evidence in support 
of his claim that the acid member came into place slightly later 
than the basic one and that the intermediate zone has resulted 
from the “ imperfect mixing of liquid acid member and partly 
solid basic member.** 

A strong argument against differentiation having taken 
place in an entirely liquid magma was furnished by N. L. 
Bowen ; it is the restricted range of chemical composition in the 
glassy rocks (which represent former liquids) compared with 
that in the crystalline rocks. There are no glassy rocks corre¬ 
sponding to anorthosite, pyroxenite, or dunite. 

2. The Mingling of Two or More Magmas 

We have seen that T. C. Phemister holds the transition 
zone at Sudbury to be a hybrid product formed by an acid 
magma following a basic one before the latter had cooled com¬ 
pletely, and soaking into the basic one to some extent. 
Hybridism in this sense is just a special case of assimilation, 
the conditions assumed being those most favourable to re¬ 
action. An earlier theory of hybridism, which is associated 
with the great name of Bunsen, attributed the variable com- 
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position of the lavas of Iceland to the intermingling of two 
primitive magmas, one of “ feldspathic ” and one of “ pyro- 
xenic ” composition. The products of this commingling of 
magmas were called hybrid rocks by J. Durocher in 1857. The 
terms hybrid and hybridism have since been used in a double 
sense to cover both the intermingling of two liquids and also 
the contamination of liquid magma by reaction with its walls. 
Since we already have an adequate number of synonyms for 
contamination, it would be a gain if hybridism could be re¬ 
stricted to its original meaning; but perhaps it is too late to 
do this now. 

A. Harker (1, 2) described several instances, in the island 
of Skye, of the injection of acid magma into basic rock while 
the latter was still hot. He says “the nature of the mutual 
reactions which have taken place among the several rocks in¬ 
dicates that they were intruded in somewhat rapid succession, 
and even in certain places that one was not completely solidi¬ 
fied before it was invaded by another.“ This is nearly, though 
not quite, the hybridism of Bunsen and Durocher. H. H. 
Read has described a remarkable development of hybrid rocks 
in the counties of Sutherland and Ross, in the north of 
Scotland. They form small, elongated bosses in a country of 
granites and acid schists. At least two hundred of these 
bosses have been mapped and the average size is 200 by 50 
yards. The rocks are very variable in appearance and com¬ 
position, ranging from light-coloured granitic types to dark 
rocks made up of olivine, pyroxene, hornblende and biotite in 
various proportions. Whatever the nature of the dark 
minerals, the feldspars are always orthoclase and oligoclase. 
The commonest type of rock is intermediate between the light 
and dark extremes, and Read claims that these intermediate 
rocks have been formed by “a fairly complete mixing of 
granitic and ultra-basic magmas,” followed in many cases by 
brecciation of the intermediate and basic hybrids and their 
envelopment in later acid and intermediate magma. 

That the rocks described by Read are hybrids can hardly 
be doubted, but it is less certain that they were formed by the 
mixing of two magmas. It seems likely that the contamination 
of an acid magma by assimilation of a solid basic rock, coupled 
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with the infiltration of granitic matter into the latter, might 
account for all the phenomena observed in the region. If so, 
these phenomena belong to assimilation rather than to 
hybridism in the older sense. 

D. L. Reynolds has described the production of augite- 
biotite-diorite by reaction between a biotite-pyroxenite magma 
and a plagioclase magma, near Newry, Ireland. Every grada¬ 
tion is observed between biotite-pyroxenite, the same rock con¬ 
taining small pockets of andesine, and augite-biotite-diorite. 
It is claimed that the latter rock has resulted “from the per¬ 
meation of the ultra-basic rock, at least after partial crystalliza¬ 
tion,** by a plagioclase magma composed ^most entirely of 
andesine. The writer, having studied the evidence in the field, 
finds himself unconvinced of the reality of the “ plagioclase 
magma ** and of the mixing of two magmas. He agrees that 
the dioritic rock is a hybrid in the newer sense of the term, 
but he thinks the facts are capable of explanation in terms of 
reaction between the magma of the Newry granodiorite (which 
envelops the contaminated rocks) and solid magnesian rocks. 

F. Homma has described an abnormal lava from one of 
the Unzen volcanoes in Kyushu, Japan, which has insets of 
olivine and a plagioclase with reversed zoning (see p. 112), 
also some altered hornblende, biotite with reaction-rims, and 
grains of corroded quartz. Homma deduces from his micro¬ 
scopic study of the rock that an olivine-basalt magma was in¬ 
jected into a basin containing a hornblende-dacite magma after 
the latter had begun to crystallize, and that the abnormal lava 
is a hybrid. This interpretation may be correct, but it does 
not help us to understand how a magma with an excess of silica 
came into existence side by side with another magma deficient 
in silica. 

E. S. Larsen and colleagues have been led, by a detailed 
study of the lavas of the San Juan region, Colorado, to the 
conviction that there must have been “a thorough mixing of 
very large masses of magma** in that region. Rhyolitic and 
basaltic lavas or andesitic lavas are associated in an intimate 
and erratic manner, basaltic horizons being interlayered with 
nearly all the rhyolites and rhyolitic horizons with some of the 
andesites. Thus acid and basic lavas must have been erupted 
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in quick succession from the same vents or from vents very 
close together. Study of the larger feldspar crystals in these 
lavas has led to the conclusion that many of them did not grow 
in the environment in which they are now found; thus zoned 
plagioclase crystals with highly calcic cores are found in the 
rhyolitic lavas and others with dominantly sodic cores in the 
basaltic lavas. It is thought that some of these crystals may 
have settled down or floated up from one layer of magma to 
another, but most of them are believed to have reached their 
present environment in consequence of the mixing of two 
partly crystallized magmas. Nevertheless, reaction between 
liquid lava and solid lava or other solid rocks remains a 
possible alternative. 

To summarize : it seems to the writer that evidence of the 
mixing of two completely or even partly fluid magmas is almost 
as unconvincing as evidence of unmixing was found to be. 
If silicate liquids are not immiscible then, of course, they must 
be capable of mixing, but before they can mix they must 
occupy the same space at the same time. It is known that 
certain volcanoes have emitted basalt at one time and rhyolite 
or trachyte at another, but not both at the same time. It is 
perhaps conceivable that under deep-seated conditions a basic 
intrusive mass might be succeeded by an acid one while the 
former was still hot, as Marker supposed in Skye and 
Phemister at Sudbury; under these conditions a limited 
amount of intermingling might indeed take place; but the 
writer is of opinion that most cases of the supposed inter¬ 
mingling of liquids are really cases of interaction between 
liquid and solid. 

3. Differential Movement of Crystals and Mother- 

Liquor 

A liquid rock-magma has no sharp freezing-point, but it 
has a long freezing interval, crystallization beginning perhaps 
in the neighbourhood of 900’ C. and continuing down to 
600* C. or thereabouts. Between these temperatures the 
magma is a mush ” of liquid and crystals. In the upper part 
of the temperature range there are few crystals in a large 
volume of liquid; in the lower part of the range there is a net- 
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work of interlocking crystals with a little residual liquid in 
their interstices. It has been said with reason that ** a mass 
of this composite nature will have some peculiar physical pro¬ 
perties, unlike those either of a crystalline body or of a liquid ” 
(A. Harker). 

It is obvious that any agency by which the early-formed 
crystals can be segregated in one part of the magma-chamber 
will bring about a high degree of differentiation in the result¬ 
ing rocks. Such an agency may be gravitation. The crystals 
of earliest formation in most rocks belong to comparatively 
dense minerals like olivine, pyroxene, or a lime-rich plagio- 
clase; and if these crystals sink to the bottom of the magma- 
chamber they will give rise there to a body of rock which will 
differ greatly in composition from that formed at higher levels 
by the crystallization of the residual magma. A similar effect 
will be produced if the early crystals are lighter than the 
magma and tend to rise to the top; and the most pronounced 
difference will result if some crystals tend to rise and others to 
sink. N. L. Bowen (2) has actually demonstrated the sinking 
of olivine crystals, and in another instance the rising of tridy- 
mite crystals, in a few cubic centimetres of liquid in a crucible. 
W. E. Trommsdorff has pointed out that if there is differential 
movement of this nature in a body of crystallizing lava, it 
should be possible in favourable cases to detect it under the 
microscope by observing stream-lines in the ground mass sur¬ 
rounding the moving crystals. In Fig. 22 (A) the stream¬ 
lines indicated by the microliths in the groundmass show 
clearly that both the large plagioclase and the large augite 
crystals were sinking through the magma just before it 
congealed. In Fig. 22 (B) the upward movement of a large 
leucite crystal is indicated. 

Other agents besides gravitation are capable of setting up 
differential movement of crystals and liquid. A. Harker (3) 
indicated the effect of crust^ stress upon the spongy mixture 
of crystals and liquid; he claims that the crystalline network 
may yield to deformation and the interstitial liquid may be 
squeezed out of the meshes “ as water is squeezed from a 
sponge.” Since the early-formed crystals and the residual 
liquid must differ widely in composition, this process may in- 
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deed be one of the most effective agents in rock differentiation. 
N. L. Bowen (3) has given some consideration to the possibility 
of the “ squeezing out ’* of residual magma, in connection with 
the genesis of alkaline rocks. Both Bowen and A. C. Waters 
have recorded a straining or filtering effect where magma con¬ 
taining crystals has been injected into narrow fissures. R. Balk 
has pictured a similar process, on a vastly larger scale, in the 
Adirondack Mts. 
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Fig. 22. Flow-lines in the ground mass of (A) a trachyte, (B) a leucite- 
basanite, demonstrating the settling of augite and plagioclase crystals (in A) 
and the simultaneous settling of augite and rising of leucite crystals (in B). 
(W. E. Trommsdorff.) 


The escape of dissolved gases may be another cause of dif¬ 
ferential movement within the magma. R. A. Daly has 
pointed out that the formation of bubbles must lend buoyancy 
to the magma, and that local vesiculation would almost cer¬ 
tainly set up convection currents. He describes this process as 
“two-phase convection.” So long as the magma is wholly 
fluid, it is not clear that any marked chemical or mineralogical 
differentiation could arise in consequence of two-phase convec¬ 
tion ; but in a mush of crystals and liquid some effect is cer- 
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tainly to be expected. The crystals may be swept aside by the 
currents, just as logs are swept into the backwaters of a flood¬ 
ing river, with the result that some parts of the rock will be 
highly porphyritic and other parts not. In the case of magma 
that reaches the surface, one lava flow may be full of large 
feldspar crystals and another almost free from them. 

The remarkable layered structure of the gabbro in the 
Skaergaard intrusion, East Greenland, is supposed to have 
been brought about by convection currents due to cooling, in 
a magma which contained a proportion of early-formed 
crystals. It is thought that differences of density among the 
crystals, and variation in the velocity of the currents, may 
have had a “winnowing” effect upon the crystals. (Wager 
and Deer.) 

Another possibility that deserves consideration is that 
bubbles of gas may attach themselves to the growing crystals 
and float them upwards. This explanation presented itself to 
the writer (1) in connection with a lava-flow at Kijabe, Kenya, 
which is both vesicular and exceptionally rich in large insets 
of plagioclase. It is admitted that it might be difficult or im¬ 
possible to distinguish between the effect of gas-flotation and 
that due to two-phase convection or simple gravity flotation. 

There is still a third possibility to be taken into account. 
The vapour-pressure of the dissolved gases of the magma must 
be greatest when there is only a small residue of liquid left in 
a large mass of crystals. At this stage boiling may set in, 
and there may be an active expulsion of the residual liquid 
from the interstices of the crystal network by means of streams 
of gas bubbles rushing towards a vent in the roof of the 
magma-chamber. This is something different from two-phase 
convection, for it depends on the passage of expanding bubbles 
of gas through a multitude of narrow openings in a network 
of crystals, driving or blowing the residual liquid along with 
them. This process has been described as “ gas streaming,” 
and the writer (2) has used it to explain the occasional expul¬ 
sion of trachytlc or phonolitic lavas from volcanoes that nor¬ 
mally yield only basalt, as in Mauritius and St. Helena. 

We see that gravity, earth-pressure, convection currents, 
and escaping gases are all competent to bring about some 
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degree of separation of the residual liquor from the crystalline 
portion of a body of partly solidified magma. Now this 
residual liquor, in the case of the more feldspathic magmas at 
least, is always rich in alkalis, and N. L. Bowen (4) has proved 
that many phonolites, trachytes and rhyolites actually have a 
composition which places them in the lowest-melting region of 
the system NaAlSi 04 —KAlSi 04 —SiOj (nepheline, kalio- 
philite, silica). Consequently Bowen makes the claim that 
“ the process exerting the dominant control over the composi¬ 
tion of liquids in these lavas has been fractional crystalliza¬ 
tion,” that is, separation of the crystals from the residual 
liquor. 

From the discussion of possibilities we pass to actual 
examples of crystal fractionation that have been demonstrated 
in the field. 

Charles Darwin noticed the accumulation of plagioclase 
crystals towards the bottom of a scoriaceous lava-flow on James 
Island in the Galapagos group. He attributed the pheno¬ 
menon to the action of gravity, recalling a similar observation 
made by L. Von Buch on Teneriffe; and he stressed the im¬ 
portance of the phenomenon as ” throwing light on the separa¬ 
tion of the trachytic and basaltic series of lavas.” Another 
instance of the same kind is described by L. L. Fermor among 
the basalts of the Deccan, India. A thickness of over 1200 
feet of these lavas was intersected in a borehole, and Fermor 
shows that most of the flows carry insets of labradorite from a 
quarter to half an inch in diameter. The insets are generally 
absent from the upper parts of the successive flows, present in 
moderate quantity in the middle and abundant in the lower 
parts. H. T. Stearns (1) has described a thick lava flow on the 
island of Oahu, Hawaii, which contains crystals of transparent 
feldspar half an inch across. These are so densely concen¬ 
trated near the base of the flow as to form a nearly pure feldspar 
rock. 

In all these cases we observe that crystals of plagioclase 
seem to have been denser than the parent basalt. But in the 
basalt of Kijabe, Kenya, to which reference has just been 
made, large crystals of plagioclase (labradorite) have accumu¬ 
lated at the top of the lava-flow. If the normal tendency of the 
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early crystals of plagioclase in feldspathic basalts is to sink, 
then it follows that some other agency such as gas-flotation 
or two-phase convection must have operated at Kijabe. 
Among deep-seated rocks there is a good deal of field evidence 
which indicates that the normal tendency of plagioclase crystals 
in basic magmas is to rise. N. H. Winchell considered that 
the bodies of anorthosite which are developed in connection 
with the Duluth gabbro of Minnesota were formed by the up¬ 
ward accumulation of labradorite crystals from the gabbro 
magma. F. F. Grout (2) has explained the genesis of small 
bodies of anorthosite at Pigeon Point, Minnesota, in the same 
way. 

Although the minerals of early crystallization are most 
commonly the denser ones, such as olivine and augite or 
hypersthene, there is one conspicuously light mineral that 
ohen crystallizes at an early stage, namely, leucite. W. E. 
Trommsdorff has been able to demonstrate under the micro¬ 
scope that the larger leucite crystals in a leucite-basanite of 
Vesuvius were actually rising through the lava at the same 
time that the augite crystals were sinking. {Fig. 22, B). It is 
likely that the remarkable rock that H. S. Washington named 
“ italite,** and which contains ninety per cent of leucite, is 
simply a portion of a lava-flow which has been specially 
enriched with leucite crystals by gravity flotation. 

The sinking of augite crystals has often been recorded, for 
instance by Darwin in the Galapagos Islands and by King in 
Hawaii. J. P. Iddings described a sheet of diabase at Electric 
Peak, Yellowstone National Park, in which “a layer of the 
sheet four or five feet thick near the bottom contact is full of 
large porphyritical augites.” The upper contact, it is interest¬ 
ing to note, carries small insets of feldspar. R. E. Fuller has 
described the gravitational accumulation of olivine during the 
advance of basalt flows in south-eastern Oregon, and claims 
that **the grains accumulated in a manner analogous to the 
deposition of sand at the delta of a river.** H. T. Stearns (2) 
has given some remarkable illustrations of the settling of 
olivine and pyroxene in lavas of Samoa. 

Perhaps the most convincing example that has yet been 
investigated of the sinking of heavy crystals through a magma, 
was described by F. Walker in the Shiant isles in the west 
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of Scotland. Walker remarks that the ideal condition for this 
type of differentiation would be one where the magma was 
intruded in a completely liquid form and no disturbance took 
place during cooling. Such a condition will seldom be 
realized, but the basic sill of Garbh Eilean in the Shiant isles 
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shows a close approach to the ideal. Walker has demonstrated 
that there is a continuous increase in specific gravity, with a 
corresponding increase in the concentration of olivine, from 
top to bottom of this sill. The data are presented in a con¬ 
vincing manner by the two graphs in Fig, 23. 

The Palisade sill in New Jersey presents evidence of the 
settling of both olivine and pyroxene. In this case almost the 
whole of the olivine is concentrated in a single level — the 
Olivine Ledge—near the base of the sill. (See Frontispiece.) 
The data contained in the following table were furnished by 
F. Walker. 


The Composition of the Palisade Sill 
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However the details of the process may vary, one seems 
compelled to admit that differential movement of crystals and 
magma has been one of the most potent causes of differentia¬ 
tion in many eruptive masses. 

4. Varying Concentration of the Fugitive Constituents 

If a body of magma contained in a closed reservoir cools 
and eventually crystallizes from the margin inwards, then as 
crystallization progresses the concentration of the fugitive con¬ 
stituents must show a continuous increase in the still fluid 
central portion. In consequence of this change in concentra¬ 
tion it is likely that the central rock, after crystallization is 
complete, will show an appreciable difference, not only in tex¬ 
ture but also in composition, from the marginal facies. A 
magma of basaltic composition, for instance, might give rise 
to a marginal facies containing pyrogenetic minerals such as 
augite and olivine, whereas in the central facies hydatogenetic 
minerals such as hornblende and biotite would be favoured. 
This type of differentiation would affect phases more than com¬ 
ponents, at least in the earlier stages; but we might expect to 
find some concentration of the more soluble components of the 
magma, especially the alkalies, in the central facies. The 
process pictured here is in fact an earlier stage of the process 
which ultimately gives rise to pegmatite veins. 

Mount Girnar, in the state of Kathiawar, India, is one of 
those remarkable intrusive bodies built up of concentric rings 
of different kinds of rock, of wnich many examples have been 
described in the last ten years. Beneath a cover of basalt 
which has been partly removed by erosion, there is a central 
mass of dioritic or monzonitic character, composed of andesine, 
orthoclase, greem pyroxene, hornblende and biotite in various 
proportions. Round about the central mass is a body of 
olivine-gabbro containing labradorite, olivine and augite, with 
only minor amounts of biotite, hypersthene and orthoclase. 
Beyond the gabbro there is a nearly complete ring of grano- 
phyre which is younger than the other rocks and cuts the 
basalt cover. 

According to the interpretation put forward by K. K. 
Mathur, V. S. Dubey and N. L. Sharma, the olivine-gabbro 
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crystallized first and the residual magma, enriched with fugi¬ 
tive constituents, was concentrated towards the bottom and 
centre of the reservoir. Here the reaction principle came into 
operation and olivine was entirely replaced, and augite largely 
so, by hornblende and biotite; a more sodic plagioclase was 
formed, and the proportion of orthoclase was greater, giving 
diorite and monzonite instead of gabbro. The facts described 
by Mathur, Dubey and Sharma are consistent with the view 
that variation in the concentration of the fugitive constituents 
(water and alkalis) was the main cause of differentiation among 
the rocks of Mount Girnar. 

Another rock complex to which this explanation may be 
applicable is Shonkin Sag, in Montana. This is a laccolith 
composed of several kinds of rock with a rudely concentric 
arrangement. The marginal facies was described by W. H. 
Weed and L. V. Pirsson as leucite-basalt porphyry; it is a 
compact porphyritic rock which must have cooled quite 
rapidly. Within this chilled skin the bulk of the magma cry¬ 
stallized as a medium-grained shonkinite, a type of syenite 
relatively rich in dark minerals; and within that again there 
is a comparatively small core of more normal syenite. The 
shonkinite contains some 60 per cent of augite, olivine, biotite 
and apatite in a matrix of potash-feldspar. The syenite holds 
about 20 per cent of augite and biotite, with 40 of potash-feld¬ 
spar and 30 of zeolites. 

The original description of .this remarkable complex by 
Weed and Pirsson has been supplemented quite recently by 
J. D. Barksdale; and even more thoroughly by C. S. Hurlbut, 
who explains the observed differentiation in terms of sinking 
of the heavy minerals combined with flotation of the early 
formed leucite crystals. There can be no doubt that cryst^ 
settling is responsible for the variation in the concentration 
of the heavy minerals, but it remains to find an explanation of 
the unusual degree of zeolitization in the rocks at the centre 
of the .complex. It is clear that the magma, which formed a 
lens not more than 260 feet thick in the middle, was chilled 
very rapidly at first. The chilled phase at the roof and floor 
of the laccolith is 12 to 16 feet thick. As cooling and crystal- 
lization proceeded from the margin inwards, there would be a 
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tendency for the residual magma, enriched with fugitive con¬ 
stituents which were prevented by the chilled phase from 
escaping outwards, to be concentrated in the middle of the 
laccolith. That there was such a concentration of fugitive con¬ 
stituents is indicated, not only by the abundance of zeolites, 
but also by the increasingly coarse grain of the later syenitic 
rocks, and the change in the character of the dark minerals 
from augite and olivine in the chillfed margin to augite and 
biotite in the shonkinite, to a more or less sodic pyroxene in 
the syenite, and to segirine and soda-amphiboles in tlie peg- 
matitic phase. These reactions may have begun in the magma, 
but in part they are post-magmatic. 

It must now be abundantly clear that the variations of 
mineralogical and chemical composition within bodies of erup¬ 
tive rock are due to many causes, some of which we know and 
others we can only guess at. Certainly there is no single 
process of “magmatic differentiation,“ and the sooner that 
pretentious and misleading term is dropped the better for 
petrology. In the foregoing pages we have described a few 
of the simpler cases of rock differentiation, in which a single 
process seems to have predominated; but even in these cases 
it is likely that more than one process was involved. Thus 
the Lugar sill (Fig, 20) clearly shows evidence of the settling 
of olivine crystals, especially in its middle member which con¬ 
sists of picrite passing down into peridotite; btit the com¬ 
plexity of this intrusion is such that G. W. Tyrrell was driven 
to assume three successive injections of magma varying in 
composition from teschenitic to picritic and peridotitic. In 
Other words, the greater part of the problem was left unsolved. 

J. S. Flett has made a series of studies of basic sills in 
the Carboniferous of Scotland. In some he finds evidence of 
the settling of olivine crystals, but he finds it impossible to 
explain all the observed differentiation within the sills by 
crystal settling alone. “ Other evidence indicates that the 
liquid part of the magma was not homogeneous throughout, 
but had undergone differentiation that cannot be ascribed to 
crystallization and precipitation.’* 

In a study of the Braefoot sill, in Fife, which is another 
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member of the same group of intrusions, R. Campbell is com¬ 
pelled to assume not only crystal settling but also assimila¬ 
tion of quartzite, filter-press action, and pneumatolytic and 
hydrothermal processes in order to construct a satisfactory 
explanation of the observed differentiation. 

G. M. Schwartz and A. E. Sandberg have lately described 
three sills of diabase with associated granite or micropeg¬ 
matite at Duluth, Minnesota. The authors discuss the alter¬ 
native hypotheses of successive intrusions, of metamorphism 
of the roof, of hydrothermal alteration, of syntexis, and of 
gravitational differentiation, and find it impossible to explain 
the phenomena by any one of these factors alone. 

Extrusive Rocks. 

If it is so difficult to explain the variation observed within 
an intrusive body, where all the facies and their mutual con¬ 
tacts are exposed to view, how can one hope to understand the 
relation of one extrusive rock to another ? We know that some 
volcanoes have yielded only one kind of lava throughout their 
history, while others have emitted different kinds of lava at 
different periods. The lavas of Etna seem to have varied very 
little during centuries; sometimes they are more andesitic, 
sometimes more basaltic, but the difference is slight and the 
average Etnean lava is andesitic in composition (Washington, 
Aurousseau and Keyes). Vesuvius on the other hand has 
changed its character considerably in the last two thousand 
years. The oldest known product of Monte Somma (the 
ancestor of the modern Vesuvius) is a trachytic pumice; leucite 
tephrite appeared later and still continues to be emitted, but 
A. Rittmann has shown that the composition of the lavas has 
changed steadily, silica, alumina and alkalis decreasing, while 
lime, magnesia and iron increase with the passage of time. 
H. J. Johnston-Lavis pointed out that on the island of 
Vulcano, for two thousand years, eruptions of basalt and 
obsidian have been going on at vents only a mile apart. H. 
Williams showed that rhyolite and basalt have been emitted 
alternately from the Newberry volcano in Oregon. In the 
small area of the Siebengebirge on the Rhine, half a dozen 
volcanoes so close together that they almost touch have yielded 
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lavas varying from typical trachyte (Drachenfels) to andesite 
(Wolkenberg) and olivine-basalt (Lowenburg), as well as dyke- 
rocks containing feldspathoids. In the Rift Valley region of 
Kenya the lavas vary from obsidian holding 32 per cent of 
excess silica to phonolite with 30 per cent of nepheline, basalt 
with 20 per cent of olivine, and “augitite” with 60 per cent 
of augite. The most abundant lava of the Hawaiian volcanoes 
is a basalt with little olivine; but \V, Cross and H. S. 
Washington have recorded the following varieties in addition : 
trachyte, trachyandesite, oligoclase-andesite, andesine-andesite, 
olivine-rich basalt, picritic basalt, limburgite and melilite- 
nepheline basalt. 

A great deal of ingenuity has been expended in guessing 
at the meaning of these remarkable variations in the composi¬ 
tion of the lavas emitted from a common vent, or within a 
limited region. It is a wise conclusion that until we know 
more about the causes of differentiation in deep-seated rocks 
we cannot begin to understand the genesis of lava-flows. 
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ADDENDUM. 

W. Wahl has come forward as a champion of thermal diffusion as a 
cause of differentiation in rock magma. (Amer. Jour. Sci., 244, 1946, p. 
417.) 



A plurality of suffrages is no guarantee of truth where it 
is at all difficult of discovery .— Descartes. 


CHAPTER X 

LATE-MAGMATIC AND POST-MAGMATIC 
REACTIONS 

In the last three chapters we have discussed the crystallization 
of silicate liquids with little regard to the presence of dissolved 
water. But we know that most rock-magma—probably all 
rock-magma—holds some water in solution. It is important 
to inquire what becomes of this water as the magma crystal¬ 
lizes. Some of it is used up in forming hydroxyl groups in 
hornblende or mica, and consequently remains in the rock; but 
a large proportion of the dissolved water escapes either to the 
atmosphere, in the case of surface lava, or into the wall rocks, 
in the case of deep magma. This we know from the study of 
volcanic gases and contact metamorphism. From the point 
of view of the student of ore-deposits, the escape of aqueous 
solutions is the most important incident in the cooling history 
of the rock. 

It is surprising to find that H. C. Sorby, as long ago as 
1858, had formed a clear picture of the crystallization of a 
hydrous magma and of the consequences that must follow if 
the escape of water is prevented. 

“In my opinion, the water associated with thoroughly melted igneous 
rocks at great depths does not dissolve the rock, but the rock dissolves 
the water. ... If the fused rock passed by cooling into anhydrous 
crystalline compounds, the water would necessarily be set free; and if the 
pressure was so great that it could not escape as vapour, an intimate 
mixture of partially melted rock and liquid water would be the result. 
It is difficult to form any very definite opinion as to the actual amount of 
this water, and to decide whether or not it exercised an important influence 
over the crystalline processes that took place during the consolidation of 
such rocks as granite. ... I think the amount, though limited, must 
nevertheless have been considerable, and that its presence will serve to 
account for the connexion between granite and quartz veins, and the inti¬ 
mate relation of both to the metamorphic rocks, and explain many pecu¬ 
liarities in the arrangement of the minerals in the cavities in granite or 
in the solid rock, even if it was not the effective cause of their elimina¬ 
tion and crystallization.” 
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In this chapter we can do little more than try to fill in the 
details of Sorby’s picture. 

It was long assumed that the solubility of water in rock- 
magma is unlimited, and that during crystallization the pro¬ 
portion of dissolved water increases steadily until the liquid 
acquires the composition of a hot aqueous solution of silicates. 
But R. W. Goranson’s investigation of the solubility of water 
in molten granite has demonstrated that granite magma, under 
such conditions of pressure and temperature as concern a 
petrologist, cannot retain in solution more than some nine per 
cent of water. Whether such a concentration is ever reached 
in nature will depend on the resistance offered by the wall rocks 
to the escape of gases. If we try to picture the course of crystal¬ 
lization of a magma having a small initial content of water, we 
may begin by assuming that the wall rocks are impermeable to 
gases. 

The earliest crystals formed from rock-magma are fre¬ 
quently anhydrous species such as olivine, pyroxene, and 
plagioclase; in this case the concentration of water in the liquid 
must increase as crystallization advances. Sooner or later a 
stage is reached at which olivine and pyroxene are no longer 
stable; hydroxyl-bearing silicates such as hornblende and mica 
are now generated, partly by direct crystallization from the 
magma and partly by transformation of the earlier, anhydrous 
species. If a sufficient quantity of magmatic water is used up 
in this way, then the limiting concentration determined by the 
prevailing temperature and pressure may never be reached, 
and the hydrous magma will simply decrease in quantity until 
it is all used up, exactly as in the crystallization of an anhydrous 
system. But if the limiting concentration of water is reached, 
then further crystallization of the magma will liberate the excess 
of water as a second fluid phase which, if it cannot escape, must 
of necessity form an emulsion with the magma. Vesicular lava 
is just such an emulsion, in which the second fluid phase is a 
gas. In the case of deep magma the second fluid will not be a 
gas, but in all probability a liquid below its critical temperature. 
It will not be pure water, but a saturated solution of the strong 
bases, soda, potash, and lime, combined with silica, alumina, 
and other weakly acidic oxides such as titania, zirconia; and 
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with a very small proportion of the strongly acid chloride, 
fluoride, sulphate, or phosphate radicles. In the case of a 
gabbroic magma, potash will be reduced and magnesia may be 
present. 

It is often assumed that any fluid liberated from rock 
magma must be in the supercritical state; but this does not 
appear to be necessary, and many authorities oppose the 
assumption. Although weak solutions of salts such as KCl 
exhibit critical phenomena, it has been established by experi¬ 
ment that a saturated solution of salt does not do so, the vapour 
pressure rising to a maximum and then declining again (M. 
Benedict). 

Whether an emulsion of magma and aqueous solution was 
actually formed, in any particular instance, we do not know 
and do not need to know, because it would cause no interrup¬ 
tion in the crystallization of the system and no change in the 
character of the minerals crystallizing out. Nevertheless the 
abundance of aqueous inclusions in minerals of late crystal¬ 
lization, especially quartz, seems to indicate the presence of 
liquid water during their growth. From such an emulsion, 
feldspars and hydroxyl-bearing silicates will continue to crystal¬ 
lize until the magma is used up and only the aqueous-alkaline 
solution remains in the pores and shrinkage-cracks of the rock. 
The amount of this aqueous-alkaline residue will depend on the 
opportunities which were presented for the escape of water from 
the system by diffusion or boiling. The assumption made at 
the beginning of this discussion, that the rock walls are im¬ 
permeable to gases, is probably extreme. If some water is able 
to escape by diffusion, during the cooling of the system, then 
the aqueous residue may be insignificant in amount, and if 
much water escapes, there may be no aqueous residue at all; 
yet there is an abundance of field evidence which suggests that 
the aqueous residue, especially from granitic magma, is by no 
means insignificant. It is to this residue that we credit most of 
the metasomatism and at least some of the ore deposition that 
we observe in the contact zones of large intrusions. To it we 
also concede a large share in the generation of the aplites and 
pegmatites, as well as the vein-quartz, which fill contraction 
fissures in the eruptive rock and its walls. These vein-filling 
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aggregates could not form until there were fissures tor them 
to form in, and the opening of fissures cannot begin until the 
system is too rigid to flow as a whole; that is, until the crystal¬ 
lization of the magma is far advanced. Day, Sosman, and 
Hostetter have shown that quartz undergoes a rapid contrac¬ 
tion, amounting to per cent of its volume, between 575** 
and 500®; this is likely to be the period of most rapid contrac¬ 
tion in granitic rocks. 

At the stage wlien contraction fissures begin to form, 
crystallization must clearly be so far advanced that the network 
ot crystals is strong enough to support the gravitational and 
orogenic pressure on the system. The liquid contained in the 
pores and interstices is accordingly relieved of this pressure, 
and for the first time it may become possible for a gas phase 
to develop in the closed system. By its expansion this gas will 
tend to drive the residual liquid into the gradually opening 
fissures in the rock. N. L. Bowen has discussed the further 
history of the boiling liquid in the fissures, especially in rela¬ 
tion to contact metasomatism and ore-deposition. For the 
moment we shall confine our attention to that portion of the 
residual alkaline solution which remains in or travels through 
the pores of the rock and continues to react with the surround¬ 
ing crystals. It may be supposed that this small residue of 
aqueous solution is too scanty and too dilute to make by itself 
any significant contribution to the bulk of the rock; yet it may 
perform an important function by promoting and facilitating 
reaction between the minerals already present. It is likely, too, 
that as water vapour escapes through the walls and roof of the 
intrusion, as it must eventually do in consequence of the 
greatly increased vapour pressure, it will be replaced con¬ 
tinuously by the boiling and upwelling of more of the pore- 
solution from deeper levels; thus the total amount of reaction 
and deposition that is accomplished in the upper levels of 
a large intrusive body may in the end be very great. 

The reactions thus induced are of many kinds, but the 
general tendency is to replace anhydrous species by hydrous 
ones and moderately hydrous species by still more hydrous 
ones. All such reactions are in a literal sense hydrothermal, 
but a useful distinction has been made between reactions which 
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take place at relatively high temperature, immediately after the 
strictly magmatic stage of crystallization (perhaps overlapping 
It a little), and later reactions at lower temperature. The most 
familiar products of the high temperature hydrothermal stage 
are hornblende, mica, tourmaline, topaz, and perhaps epidote, 
all of which contain less than five per cent of firmly combined 
water. Since the physical conditions are such as to favour 
crystallization, these minerals tend to form stout hypidiomor- 
phic to allotriomorphic crystals, often of large size, which may 
be full of corroded relics of the earlier minerals (poikilitic 
texture). 

As the temperature continues to fall, hydrolysis becomes 
more and more effective. All the silicates are attacked in vary¬ 
ing degrees and replaced by chlorite, serpentine, sericite, kaolin 
and other clay-silicates, and zeolites. Most of these products 
have a high content of water, and they tend to form fibrous, 
scaly, or amorphous aggregates. Carbonates are also charac¬ 
teristic of this stage, and albite and quartz persist from earlier 
stages. Clearly there can be no sharp distinction between the 
two stages of alteration; but by the two criteria of texture and 
mineralogy it is generally possible to separate high-temperature 
hydrothermal mineral associations from those formed at rela¬ 
tively low temperature. The distinction is important in the 
study of ore deposits. 

With regard, then, to the participation of water in the 
genesis of eruptive rocks, we may distinguish four stages in 
the passage of a hydrous magma into a body of rock at atmos¬ 
pheric temperature. These stages are: — 

(1) a first magmatic stage (M,), when only anhydrous sili¬ 
cates crystallize from the magma; 

(2) a second magmatic stage (Mg), when hydroxyl-bearing 
silicates of low water content (less than 5%) crystallize 
from the magma along with such anhydrous silicates 
as are still stable. The new minerals may either form 
independent crystals or they may replace or mantle 
the earlier crystals; 

(3) a high-temperature hydrothermal stage (H,), when the 
same hydroxyl-bearing silicates continue their growth, 
or new ones begin to grow, in the now solid rock, by 
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replacement of earlier minerals. The resulting crystals 
are typically allotriomorphic (except when they grow 
in open fissures, geodes, or vesicles), and they are 
often poikilitic or graphic; 

(4) a low-temperature hydrothermal stage (Ha), when all 
the previously formed minerals are liable to be at¬ 
tacked and replaced by more hydrous silicates which 
are often fibrous or scaly in habit, and by carbonates 
or hydroxides. 

It is not necessary that a rock, in cooling, should pass 
through all four stages. Many rocks have completed their 
crystallization entirely in stage 1. In such a case, the only 
evidence that the magma was a hydrous one may be a vesicular 
texture; or it may be supplied by geological thermometry, as 
in the case of the Palisade diabase (p. 48). Other rocks may 
have begun or finished their crystallization in stage 2; and it 
is only in special cases that a record of stages 3 and 4 has been 
preserved. The deciding factor, in this matter, will clearly be 
the resistance offered to the escape of water from the system 
in the earlier stages. 

Many adjectives have been used to describe the stage that 
we have here called high-temperature hydrothermal. Among 
them are pneumatolytic, supercritical, pegmatitic, late mag¬ 
matic, endometamorphic, autometamorphic, autolytic, paulo- 
post, epimagmatic, and deuteric (S. J. S., 1). Pneumatolytic 
is a century-old term which ought now to be discarded, having 
been used in three different senses by Bunsen, by Brogger, and 
by Niggli respectively. Supercritical is also undesirable because 
it is quite doubtful whether this condition is ever realized. Of 
the remaining terms, epimagmatic and deuteric have been most 
frequently used. The first was proposed by F. Becke for “ the 
period when the transition from magmatic solution to watery 
solution is completed.” Unfortunately A. Fersmann has used 
the same term for the period immediately preceding the forma¬ 
tion of pegmatite, and has attached to it the temperature limits 
of 800^-700®, which in the light of geological thermometer 
studies are not acceptable. The alternative term, deuteric, was 
introduced in 1916 by J. J. Sederholm to describe “changes 
which have taken place in direct continuation of the consolida- 
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tion of the magma itself.** This dehnition seems to have the 
same meaning as Becke*s words, quoted above, and the term 
deuteric has been used by a number of petrologists in this 
sense. It is suggested, therefore, that deuteric be retained and 
applied to those high-temperature hydrothermal reactions which 
take place at the close of the magmatic stage, under the in¬ 
fluence of residual aqueous solutions derived from the magma 
itself. If the reactions appear to have been brought about by 
fluids from an external source, the term deuteric should not be 
used. For example, the production of poikilitic hornblende in 
the norite at the heart of the Cortlandt complex (see on, p. 167) 
seems to have been effected by solutions derived from the norite 
itself, so this has been described as a deuteric reaction. But 
the alteration of the Salem gabbro by the Quincy granite and 
solutions derived from it, in Essex Co., Massachusetts, is a 
high-temperature hydrothermal reaction which is not deuteric. 

Field evidence only can show us whether the transforming 
solutions, in such a case, came from within or without the body 
of rock that was transformed. If they came from within, is it 
certain that they were derived from the crystallizing magma ? 
Might not the effect be due to ground water, heated and set in 
circulation by the intrusion ? This is no new question. We have 
met it already in connection with volcanic gases, and we shall 
meet it again in connection with pegmatites and ore-deposits. 
Every time it is asked, whether in relation to volcanic gases, 
deuteric reactions, pegmatites, or ore-deposits, we get two ir¬ 
reconcilable answers. According to one view, the main source 
of mineralizing solutions and volcanic gases is rock magma in 
course of crystallization; according to the other, all mineral- 
forming solutions and volcanic gases are derived from ground 
water, sea water, or the atmosphere. 

This difference of opinion makes it only too clear that 
there is no rule by which the effects produced by magmatic 
solutions can be distinguished from those due to heated ground 
water. The same minerals will grow under the same physical 
conditions, if the same bases and acids are present, no matter 
where or how the solutions had their origin. It would be easy 
to show by simple enumeration that the magmatic hypothesis 
commands most support at the present day; but it is well to 
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remind ourselves that “ a plurality of suffrages is no guarantee 
of truth where it is at all difficult of discovery.” 

May not both hypotheses be true ? Perhaps some volcanic 
steam was originally ground water or sea water; perhaps some 
ore-deposits were formed by lateral secretion, and some pegma¬ 
tites too. The same admission may be made for some post- 
magmatic reactions. But if we agree that rock-magma contains 
dissolved water, some of which is set free during crystalliza¬ 
tion, then we must also agree to the proposition that as 
crystallization proceeds beneath an impermeable cover, the 
conditions will become increasingly favourable to post-mag- 
matic reactions of the nature of hydrolysis, base exchange, and 
the concentration of the scarcer chemical elements in the later 
crystallizations. Deuteric action is expectable under deep- 
seated conditions. 

In the remainder of this chapter we shall describe some 
phenomena which are widely believed to be deuteric. 

The Tourmaline-Topaz-Cassiterite Type of Mineralization 

The hypothesis that an already solidified eruptive rock may 
be locally transformed and recrystallized by the action of its 
own residual solutions was clearly expressed by H. C. Sorby 
in 1868, and was also developed in the writings of A. Daubr^e. 
In a study of the genesis of tin deposits, begun in 1841, 
Daubr^e pointed out that these deposits are distinguished from 
other ore-bodies by a characteristic suite of associated minerals, 
namely, quartz, topaz, tourmaline, lithia-mica, apatite, and 
wolframite. It is to be observed that these minerals contain the 
elements fluorine, boron, phosphorus, lithium and tungsten, 
between which there is no chemical relationship whatever. They 
differ as widely as possible in valence, in atomic weight, and 
in ionic radius, and they do not form isomorphous compounds. 
Is it conceivable that ground water, seeping through rocks of 
all kinds, could make such a strange selection of unrelated 
elements ? 

Daubr^e remarked that the familiar replacement of feldspar 
by tourmaline seems to demand the presence of an agent which 
was able to decompose feldspar and introduce boron at the 
same time; and that pseudomorphs of cassiterite and quartz 
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after orthoclase, such as are found near St. Agnes, Cornwall, 
require an agent which can decompose feldspar and introduce 
tin. Daubr^e found such an agent in fluorine. He pointed out 
that tin fluoride is volatile at a moderate temperature (actually 
705®), and that the fluorides of boron (-101®), silicon (-160°), 
phosphorus (-76®) and tungsten (+19®) all have remarkably 
low boiling points. When these fluorides come into contact 
with water they are decomposed, liberating hydrofluoric acid 
which readily attacks feldspar and other silicates. 

Daubr4e discussed the almost invariable association of tin 
deposits with granite and granite-porphyry, and he observed 
that the fissures in which cassiterite, topaz and tourmaline are 



Fig. 24. Section through the Bushema batholith, Belgian Congo. The central 
biotite-granite has a marginal facies of muscovite-granite from which issue 
veins of tourmaline-pegmatite, passing out into cassiterite-greisen. (F. Blaise 
and N. Boutakoff, Ann. soc. glol. de Belgique, 57, 1937, p. c97.) 


deposited are typically simple contraction fissures, not fractures 
of tectonic origin. He accordingly advanced the theory that 
tin and the elements that accompany it were transported in the 
form of fluorides from “ the depths where one finds the general 
reservoir of metals.’* Geology knows no such reservoir of 
metals except the deep-seated rocks and their magmas. 

Some ten years after Daubr^e had expressed these ideas. 
R. Bunsen introduced the adjective ‘^pneumatolytic ” to 
describe a group of reactions caused by acid gases escaping 
from active lava flows. These reactions are of an entirely 
different character from those visualized by Daubr^e, but in 
1890 W. C. Brogger took over Bunsen’s adjective and applied 
it to the group of minerafs, typically developed in pegmatites, 
which contain fluorine, chlorine, boron, phosphorus, and other 
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so-called “ mineralizing agents.” In consequence of this per¬ 
version of meaning, the view became firmly established that 
minerals containing these unusual elements must have been 
formed by the agency of magmatic gases; and to this day geolo¬ 
gists who encounter rocks or mineral deposits containing tour¬ 
maline or topaz too often describe them as “ pneumatolytic ” 
products. The reactions that Bunsen described were truly 
pneumatolytic, because they took place under atmospheric 
pressure, but there is no reason to suppose that the fluids which 
generated tourmaline and topaz in plutonic rocks were gaseous. 
It is important to realize that the assumption of gas as the 
medium of transport was made to meet the special case of cas- 
siterite. But it is now known that tin dioxide, like silica, can 
be transported as a sodium salt, or even in colloidal form in 
water, so all necessity for a high temperature and gaseous 
transport has disappeared, both for cassiterite and for the asso¬ 
ciated minerals. In view of this, it would be an advantage if 
the term “pneumatolytic” were to disappear too. The con¬ 
dition under which the topaz-tourmaline-cassiterite group of 
minerals was formed is preferably described as high-tempera- 
ture hydrothermal; either deuteric or not. 

An important study of tourmalinization in the Dartmoor 
granite and its surroundings was made by A. Brammall and 
H. F. Harwood, who describe the following modes of occur¬ 
rence of tourmaline:— 

(1) Little euhedral crystals enclosed in biotite. The.se are 
thought to be primary magmatic products; 

(2) Large irregular crystals replacing plagioclase or bio¬ 
tite; 

(3) Tongues of tourmaline selectively replacing the threads 
and patches of albite in microperthite; 

(4) Euhedral crystals in geodes, along with feldspar, 
quartz, fluorite and apatite; 

(6) Tourmaline and quartz together replacing euhedral 
orthoclase crystals; 

(6) Radiating groups of needles (“tourmaline suns”) in 
nodules in the granite; 

(7) Quartz-tourmaline veins; 

(8) Tourmalinized country rocks. 
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Fig. 25. Geological map of the St. Austell granite mass, Cornwall, showing the distribution of china-clay areas (dotted) and 

tin lodes (black lines). (After D. A. MacAlister.) 
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Brammall and Harwood summarize the cooling history of 
the granite as follows: “The magma fraction represented by 
the earliest and most basic type of Dartmoor granite was essen¬ 
tially free from those volatile constituents which promote the 
genesis of tourmaline. The magma fractions which yielded the 
later and progressively more acid types contained these 
volatile constituents in increasing concentration. In the pro¬ 
ducts of the latest stage of intrusion, the concentration was 
such that the intrusive bodies were more or less severely pneu- 
matolyzed (sicI) before crystallization was complete. During 
the closing phase, the granite of east Dartmoor was affected by 
severe tensions. Numerous fissures opened and afforded 
passageway for fluids and gases from depth. These cracks and 
fissures were infilled with schorlaceous veinstuff, quartz-schorl 
rock, vein quartz, and ore-bodies carrying specular iron or 
cassitente. The closing phase was marked by local tour- 
malinization of granite in place.“ 

In a later paper Brammall and Harwood discussed the 
temperature range in the formation of tourmaline. In the 
granite, tourmaline is associated with high-quartz and some of 
it is “ demonstrably contemporary in origin with quartz in the 
normal groundmass of the biotite granite.“ In the geodes it is 
associated with low-quartz, but the lower limit of temperature 
of formation is not known. The authors record that little idio- 
morphic crystals of tourmaline have been observed in the 
Skiddaw slates. It may be added that P. D. Krynine has 
described overgrowths of new tourmaline upon detrital grains 
of the same mineral, in Paleozoic sandstone in Pennsylvania; 
so it appears that tourmaline may continue its growth right 
down to atmospheric temperature. 

E. O. Teuscher has discussed post-magmatic reactions in 
the granites of the Erzebirge, in Saxony. These acid granites 
have a well developed pegmatitic end-phase, with albite-, 
topaz-, and lithionite-pegmatites. The Eibenstock granite con¬ 
tains many horizontal sheets of aplite, some containing topaz, 
others tourmaline. Even andalusite, cordierite, and dumor- 
tierite are occasionally present in these rocks. There is a con¬ 
tinuous passage from albitized granite through tourmalinized 
granite into topaz-bearing aplite-granite. Teuscher writes: 
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“ It can be said that the aplites are no offshoots of a distant 
magma, but that they stand in the closest relation to the main 
granite of the neighbourhood; they can best be regarded as a 
residual liquid from the crystallizing magma.” 

J. G. VV. Dunn described topaz metasomatism and tourma¬ 
line metasomatism of granite-porphyry dikes at Mount Bischoff, 
Tasmania. In the earliest stage feldspar was replaced by topaz; 
occasionally quartz was replaced too, leaving a topaz rock in 
which the only other constituents were some radial groups of 
blue tourmalifie and a little cassiterite. Tourmalinization was 
on the whole a later process; where it was most intense, an 
entire body of rock might be replaced by radiating groups of 
tourmaline needles with a little cassiterite. In a further stage 
of metasomatism, both topaz and tourmaline, as well as feld¬ 
spar, might be replaced by cassiterite. Dunn considered the 
reactions to be pneumatolytic and wrote that ” The direct asso¬ 
ciation of the deposits with the porphyries indicates that the 
mineralization period represents the end phase of magmatic 
intrusion and differentiation.” In other words, the granite- 
porphyry dikes were altered by their own residual fluids; there 
is no reason to believe that these fluids were gaseous rather than 
liquid. 

The evidence that we have discussed gives strong support 
to the opinion that the generation of tourmaline and topaz, as 
well as minerals containing lithium, tin, and tungsten, must be 
ascribed lo fluids which escaped from deep-seated magma in the 
final stage of crystallization. It does not seem possible to ex¬ 
plain this remarkable association of unusual elements by the 
agency of ground water, more especially as the special minerals 
we have considered are almost entirely restricted to the most 
siliceous types of granite and granite-porphyry, and have even 
been found in rhyolite. It would perhaps be pK)ssible to 
imagine a process by which these elements, and these alone, 
were leached by ground water out of a completely solidified body 
of granite, and deposited about its margins ; but there is no 
reason to think that ground water possesses such remarkable 
powers of selection. Extensive tourmaline and topaz meta¬ 
somatism seem to demonstrate convincingly the reality of the 
deuteric stage of crystallization in acid eruptive rocks. 
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The Pyroxene-Amphibole-Epidote Transformation 
Another well-established process, which may be either late- 
magmatic or post-magmatic, is the replacement of pyroxene by 
hornblende. In an early stage of reaction this process yields 
only narrow mantles of hornblende about the pyroxene crystals, 
but in a more advanced stage large crystals of hornblende are 
generated which may be filled with little, more or less corroded 
grains of pyroxene, olivine, and other minerals. For this 
texture, which is beautifully developed in some of the horn- 



Fig. 26.—Geological map of the Cortlandt complex, New York State. 


blendic rocks of the Cortlandt complex in New York State, 
G. H. Williams introduced the adjective “ poicilitic(usually 
spelt poikilitic), meaning “ mottled.** In the rock to which 
Williams gave the name “ cortlandtite,** the hornblende forms 
allotriomorphic crystals several centimetres in diameter, which 
enclose many little, rounded grains of olivine, augite and 
hypersthene. 
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riie Cortlandt complex, to which these rocks belong, is a 
funnel-shaped pluton with an area of some 25 square miles. At 
the east and west ends of the roughly elliptical outcrop there 
are bodies of pyroxenite and peridotite, but the central mass is 
norite with both ortho- and clino-pyroxene. The rocks are 
banded, coarse-grained bands alternating with finer-grained, 
and the bands dip inwards, towards the centre of the funnel. 
About the margin of the funnel the norite has developed a 
hornblendic facies (diorite in the sense of Zirkel) in which the 
hornblende is prismatic and apparently primary. Further in¬ 
wards the norite is free from hornblende for a distance of half 
to one mile; then hornblende appears again and becomes in¬ 
creasingly abundant towards the centre of the complex. But 
whereas the hornblende in the marginal region is prismatic 
and generally free from inclusions, that in the central region 
forms large allotriomorphic plates and skeleton crystals which 
are full of corroded grains of plagioclase, augite and hypers- 
thene (S. J. S., 2). 

Since poikilitic texture was first described in rocks of the 
Cortlandt complex, we may digress for a moment in order to 
discuss the significance of this texture. When two substances 
crystallize side by side from a solution, a large crystal of one 
may accidentally enclose some smaller crystals of the other, 
especially if crystallization takes place rapidly. But in a slowly 
crystallizing magma, the chance that a mineral of later crystal¬ 
lization may enclose a large number of grains of the earlier 
minerals seems to be small. Crystal settling is a reality; and 
in the present instance the early-formed crystals of hypersthene, 
augite (and sometimes olivine) must have been considerably 
denser than the partly feldspathic magma in which they grew. 
It is significant, too, that to a large extent the enclosed grains 
are not idiomorphic crystals but corroded relics. Can we 
believe that crystals of density about 3*4 remained suspended 
in a moderately feldspathic magma long enough for crystals of 
hornblende, many times their own size, to grow from and 
around them? Evidence to the contrary is given by certain 
norites which have been subjected to crushing. In these rocks 
the grains of plagioclase and pyroxene show wavy extinction 
and partial granulation, but the hornblende which surrounds 
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them is not affected in this way, hence it must have been formed 
after the rock was completely solid. The writer concludes that 
the poikilitic hornblende in the norites, pyroxenites, and perido- 
tites of the Cortlandt complex is mainly deuteric, and was 
formed by transformation of the original minerals of these rocks 
under the influence of ascending solutions of magmatic origin. 
In rising through the centre of the funnel, the solutions fol¬ 
lowed especially the more coarse-grained bands in the norite, 
but some hornblendization also took place along irregular 
cracks. 

It is a legitimate conclusion that a well-developed poikilitic 
texture, in any rock that has not undergone metamorphism by 
external forces, is good evidence of post-magmatic crystalliza¬ 
tion. The very same texture is characteristic of minerals such 
as andalusite, cordierite, and garnet which undoubtedly grew 
in a solid matrix in metamorphic rocks. It is also charac¬ 
teristically developed in crystals of calcite and gypsum which 
have grown in loose sand. 

The Caribou stock in the Front Range of Colorado re¬ 
sembles the Cortlandt complex in some respects. It is mainly 
composed of monzonite, but it includes bodies of pyroxenite 
and gabbro which preceded the monzonite in order of intrusion. 
All the main varieties of rock contain augite, generally mantled 
by hornblende. Some of this hornblende may be late mag¬ 
matic but some is certainly post-magmatic because veins of 
hornblende follow planes of fracture in the rock. In a facies 
described as porphyritic hornblende-pyroxenite, large crystals 
of hornblende lie in a fine-grained matrix of pyroxene and 
biotite. The large crystals are poikilitic and enclose grains of 
augite, biotite, apatite, and magnetite. Ward Smith reported 
that “ One can see all stages of the development of large horn¬ 
blende crystals from an initial stage in which hornblende is 
merely a spongiform, optically continuous network that extends 
through a matrix of pyroxene and biotite, through stages in 
which the hornblende is more and more predominant, to com¬ 
pletely grown hornblende crystals that are solid except for in¬ 
clusions of magnetite and apatite. This gradational series is 
interpreted as evidence that the large crystals developed meta- 
somatically in solid pyroxenite.** 
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The Sooke gabbro, in Vancouver island, shows similar 
phenomena of hornblendization. After the consolidation of the 
gabbro, there was a period of faulting accompanied by the 
formation of shear zones and joints. Through these hssures 
there came hot solutions that altered the rock with which they 
came in contact into hornblendite. The veins of hornblendite 
are mostly just a few inches wide, but some are 60 to 250 feet 
wide, grading into unaltered gabbro. The replacement of the 
wall-rock by hornblende can be observed in all its stages 
(H. C. Cooke). 

B. K. N. Wyllie and A. Scott described a rock at Garabal 
Hill, Scotland, which is composed almost entirely of quarter- 
inch crystals of glossy black hornblende. Many of them have 
cores of diallage, and even those crystals which have no such 
cores still show relics of the “schiller structure** of diallage, 
indicating that the hornblende grew at the expense of pyroxene 
crystals. The authors express doubt whether a mere equili¬ 
brium change during crystallization of the magma could 
account for the formation of a strongly coloured hornblende 
(holding some 26% of ferrous and ferric oxides) from a prac¬ 
tically colourless pyroxene. They suggest that the transforma¬ 
tion was effected by “ heated vapours ** from a younger diorite 
magma. It is difficult to believe in the transport of large 
amounts of iron oxide by vapours (unless halogens were 
abundantly present, and of this there is no evidence), so it 
seems more likely that the transformation was effected by hot 
residual solutions from the magma that generated both the 
original pyroxenite and the dioritic and other rocks of the com¬ 
plex. This is the opinion expressed by S. R. Nockolds, who 
has re-examined the region. 

Transformations Affecting Feldspar 

The commonest example of this nature is albitization, 
which may effect either plagioclase or orthoclase. An enrich¬ 
ment of plagioclase with albite may be brought about (1) by 
simple addition, in the post-magmatic period, of layers of albite 
or anorthoclase to an existing plagioclase; (2) by substitution 
of Na-Si for Ca-Al atoms; (3) by transformation of anorthite 
into zoisite, leaving the feldspar relatively enriched with albite. 
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Bailey and Grabham described the aibitization of plagio- 
clase in a number of Scottish diabases and basalts. Plagiociase 
containing as much as 80% of anorthite has been replaced by 
pure albite, and since the crystals do not contain visible cavities 
^indicating removal of anorthite), there must have been a large 
introduction of soda into the crystal lattice. Silica must also 
be introduced, as the equation shows: — 

CaAlaSiaOa + NaaCO, + 4SiOa = 2NaAlSisOg + CaCO*. 
Bailey and Grabham picture the process as one of self-digestion 
or autolysis, claiming that the soda introduced into the 
altered basic feldspars probably belongs to the lava itself”; 
they suggest that “ the lava at this stage was stewing in a con¬ 
centrated solution of sodium carbonate.” P. Eskola and col¬ 
leagues were able to reproduce in the laboratory the conditions 
described by Bailey and Grabham. Powdered bytownite or 
anorthite was heated in a steel bomb along with sodium bicar¬ 
bonate, silica and water, at various temperatures between 230** 
and 650“. Under these conditions the lime-rich feldspar was 
converted into albite or oligoclase, the most complete aibitiza¬ 
tion being realized between 260“ and 330“. 

But the demonstration that plagiociase can be albitized by 
hot soda solutions in the laboratory tells us nothing about the 
source of these solutions in nature. G. Beskow maintains that 
the soda necessary for the extensive aibitization observed in 
pillow-lavas (spilites) has come from heated sea water. On the 
other hand many rocks have been albitized which are not 
known to have been exposed to sea water, and for these rocks 
Bailey and Grabham’.s explanation seems more acceptable. If 
the reaction was indeed due to sea water, one wonders why 
there was no production of scapolite (see on, page 175). 

A careful study of the spilite problem, with a review of the 
abundant literature, has been made by J. Gilluly (1). The same 
authority (2) has described the production of albite-granite by 
the silicification and aibitization of quartz-diorite, in Oregon. 
The diorite is composed of andesine and hornblende, with a 
little orthoclase and quartz; it passes gradually into a rock in 
which quartz is graphically intergrown with albite, the latter 
containing cores of andesine which are riddled with tongues 
and threads of albite. The hornblende is simultaneously trans- 
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formed into deep blue hastingsite. The passage from diorite 
to albite-granite involves an addition of more than 20% of 
silica, an increase of soda from 2*7 to 4*6%, and large reduc¬ 
tions of lime, magnesia, and ferrous oxide. 

A relative enrichment of plagioclase with soda may be 
effected by the elimination of anorthite. In the reaction known 
as saussuritization,” the anorthite fraction of a calcic plagio¬ 
clase is converted by addition of water into an aggregate of 
zoisite and sericite, with which calcite and chlorite are often 
associated. The following equation will serve to illustrate the 
transformation:— 

2CaAl2SiaOa + H20= Caa(A10H)AlaSi30ia + HAlSi04 
(anorthite) (zoisite) (base of mica) 

Plagioclase crystals which have suffered this alteration become 
semi-opaque by the development of minute scales of sericite 
and granules of epidote or zoisite; only the outermost zones 
show comparatively clear albite. In some cases augite and 
clear albite are reported to form ophitic intergrowths, and the 
albite then has the appearance of a primary mineral; but 
Bowen’s study of the system diopside-plagioclase (see p. 95) 
makes it most unlikely that albite and augite can crystallize 
simultaneously from a magma. 

E. S. Bastin traced the development of reddish veins of 
aplite or pegmatite, having all the appearance of igneous rocks, 
in the Nipissing diabase of Ontario. The veins may be 1-2 feet 
wide and a few hundred feet long. Some of them have sharp 
contacts with the diabase but others pass through reddish tran¬ 
sition facies. The Nipissing diabase consists of labradorite, 
augite, and iron ore, with some interstitial micrographic inter¬ 
growths of quartz and albite. Bastin showed that with com¬ 
mencing alteration the labradorite becomes filled with sericite 
scales, while the augite is chloritized. Passing from the grey 
diabase toward the red aplite, the turbid feldspar clears up and 
eventually appears as simple albite, more or less reddened by 
scales of hematite. Bastin commented that ** in general the 
red rock is so fresh appearing that it would naturally be inter¬ 
preted as a direct crystallization from a magma, were it not 
for the evidence of progressive mineral transformation that we 
have just described.” In his opinion the solutions that effected 
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the transformation came from a deep magmatic source, perhaps 
the same source that supplied the diabase. 

E. V. Shannon described a thick diabase sill at Goose 
Creek, Virginia, which contains veins of diabase pegmatite in 
its lower part. Some of the pegmatites contain essentially the 
same minerals as the normal diabase, namely labradorite, 
augite, magnetite, and microperthite, but others have albite as 
their only feldspar. There are also veins of simple albite-quartz 
rock with aplitic texture; these are held by Shannon to be “ like 
the albite-pegmatites, final products of a process of magmatic 
differentation which yielded small amounts of a fluid acid 
residuum rich in water.” (The adjective acid is assumed to 
mean siliceous). 

One more illustration of this effect may be given. R. C. 
Emmons has described a thick sill in Bridgland township, 
Ontario, which shows a progressive change, by minute grada¬ 
tion, from pyroxene-gabbro at the base to pegmatitic quartz- 
hornblende diorite at the top. Emmons considers that the 
residual liquor of the crystallized magma, containing alkalis 
and silica, tended to rise through the network of crystals. In 
doing so it reacted with the crystals, making the feldspars pro¬ 
gressively more and more sodlc, causing the transformation of 
augite into hornblende, and depositing quartz in the final stage 
of crystallization. Two completely similar instances have lately 
been described by R. Merriam in Oregon. 

J. L. Gillson has shown that feldspar which has been 
albitized may undergo a further replacement by orthoclase. He 
has described, in the Pioche district of Nevada, the transforma¬ 
tion of a noritic rock composed of labradorite, augite, and 
hypersthene, into a quartz-monzonite in which the feldspar is 
andesine containing corroded cores and ghosts of labradorite. 
Some potash feldspar was formed in the magmatic period, but 
after the rock has solidified there was a further replacement of 
quartz and plagioclase by microcline and sanldine. Gillson has 
also described the replacement of quartz by microcline, and of 
plagioclase by both minerals, in the granodiorites of the Pend 
Oreille district, Idaho. 

Remarkable evidence of replacement of soda by potash was 
found by C. N. Fenner in geyser basins in the Yellowstone 
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Park, Rhyolitic and dacitic lavas which were penetrated by 
the drill, in deep boreholes, were found to be larg:ely glassv in 
texture, with insets of quartz, plag^ioclase, and orthoclase. The 
ratio of NajO : K^O in a perfectly fresh sample was 4-24 : 2*94. 
In certain other lavas the groundmass had been recrystallized 
to an aggregate of quartz and orthoclase, and in these the ratio 
was 1*02 : 6*16 and upwards. The pyroxene is the same in both 
types of rock, but Fenner points out that the soda-rich insets 
in the second type are not compatible with the potash-rich 
groundmass. He holds that the geyser waters attacked the 
glassy base of the lavas and replaced soda by potash. 

A fine study of potash enrichment in lavas at Esterel, 
France, has been made by R. Terzaghi. 

Replacement of Feldspar by Analcime or Scapolite 
Instead of being albitized, plagioclase is sometimes re¬ 
placed by analcime. In this case no addition of silica is required 
and one may write the illustrative equation 

CaAlaSiaOg + 2 NaAlSisOa + NaaCOs + 4H2O = 
(plagioclase) 

4NaAlSiaO«.HaO + CaCO,. 

(analcime) 

J. T. Lonsdale found analcime-bearing rocks to be very com¬ 
mon in the Terlingua-Solitario region of Texas. The rocks 
range from syenites to quite melanocratic types. The analcime 
is of late formation, the microscope indicating that “ its period 
of formation extended from a very late magmatic stage into a 
period definitely post-magmatic.** In the larger bodies of rock, 
which cooled relatively slowly, extensive reaction took place 
between the residual liquid and the earlier formed crystals. The 
initial stages of reaction were thought by Lonsdale to be late- 
magmatic, Among the products were aegirine rims on the 
augite crystals, replacement of pyroxene by biotite, and the 
development of analcime in ocellar form. Later reactions which 
are certainly post-magmatic gave such products as vesicles filled 
with analcime, calcite and zeolites. Euhedral crystals of anal¬ 
cime were even produced in the adjacent sedimentary rocks. 

The replacement of plagioclase by analcime has taken place 
in many Scottish and Moravian teschenites, which have been 
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described by G. W. Tyrrell and F. Walker. The process of 
replacement is beautifully demonstrated by a dike rock (lanipro- 
phyre) that cuts limestone at Rudeville, New Jersey, and was 
described by J. E. Kemp. The rock consists of plagioclase, 
pyroxene, and biotite, with analcime forming irregular patches 
in the groundmass and also little spheroids which Kemp sup¬ 
posed to be pseudomorphs after leucite. It is perhaps more 
likely that they are former gas vesicles. However that may be, 
the spheroids consist of clear analcime containing “ghosts” 
of plagioclase in every stage of corrosion and replacement. 

C. S. Ross described a dike of olivine-basaltic composition, 
in Colorado, which contains patches of analcime-syenite. The 
analcime fills angular interstices and also replaces feldspar. 
The oligoclase cores of the feldspar crystals are more or less 
completely replaced by analcime, but the orthoclase mantles 
are scarcely affected. Ross writes that “the analcite that is 
secondary to feldspar is without doubt a deuteric mineral formed 
near the close of crystallization by reaction between residual 
solutions . . . and sodic plagioclase.” R. H. Jahns has 
described other analcime-bearing dikes in Colorado and has 
arrived at a similar conclusion. J. Gilluly recorded sills of 
analcime-diabase in Utah, which have cores of analcime-syenite 
just like the rock described by Ross. The same conclusion is 
reached, that the analcime is partly primary and partly a re¬ 
placement of feldspar. 

H. W. Fairbanks observed four modes of occurrence of 
analcime in diabase dikes of San Luis Obispo county, Cali¬ 
fornia. Hexagonal or rounded grains of analcime are partly 
enclosed in feldspar; these are assumed to be primary. Anal¬ 
cime also fills angular interspaces between the feldspars, and it 
partly replaces feldspar. Finally, crystals of analcime line the 
walls of cavities. 

The replacement of leucite by analcime, and the production 
of “ pseudoleucite,” are described in chapter xviii. 

Replacement of plagioclase by scapolite is widespread in 
the Kiruna district of Norway. W. C. Brogger (2) gave the 
special name “ odegardite ” to a rock formed by the transforma¬ 
tion of hyperite into an aggregate of hornblende and scapolite. 
All stages of transition from hyperite into odegardite may be 
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found, and Brogger maintains that the change is due to ** the 
influence of hot solutions and pneumatolytic gases in connec¬ 
tion with the magmatic genesis** of the hyperite. J. H. L. 
Vogt also thought the necessary solutions containing NaCl 
were derived from the hyperite magma. A. Bugge was of a 
different opinion; he held that the origin of the scapolite and 
the apatite rocks of this region might be connected with the 
intrusion of dikes of granite-pegmatite; that is, that the scapo¬ 
lite rock is a product of thermal metamorphism of hyperite. 
This view derives a certain probability from the observation 
that some of the altered hyperites contain relics of coronas, and 
there is reason to think that coronas are products of thermal 
metamorphism (S. J. S., 3). N. Sundius has described the 
extensive scapolitization in the Kiruna district as a “ regional 
pneumatolytic metamorphism.** 

On the other hand, A. Lacroix has described the case of 
a diabase dike which, in his opinion, has been scapolitized by 
salt water from adjacent saline clays. 

This striking conflict of opinion emphasizes the truth that 
we do not always know the source of the solutions that promote 
post-magmatic reactions. We must be guided in each case by 
the field evidence. 
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We circle around truths and, if fatient, get ever nearer.- 
J. E. Spurr. 


CHAPTER XI 

THE GENESIS OF PEGMATITE 

The origin of pegmatite has been hotly debated for more than 
a century. The oldest recorded opinion on the subject declared 
that “ pegmatites are injections of granitic matter which, arising 
from the still liquid granite in the interior, was injected into the 
upper, already solidified granite ” (Charpentier, 1823)- Opposed 
to this was the “ lateral secretion ** theory, first applied to ore- 
deposits but later extended to pegmatite. H. Credner wrote in 
1876 that “the mineral matter of granitic dikes . . . comes 
from the partial decomposition and leaching of the wall rocks 
by seepage water.** 

As far as the simple quartz-microcline pegmatites are con¬ 
cerned, either of these theories might find support to-day; in 
fact, G. H. Williams claimed that in Maryland, intrusive peg¬ 
matites and segregation pegmatites which are quite similar in 
appearance may occur side by side. But a powerful argument 
in favour of injection rather than segregation is the frequent 
lack of any chemical or even mineralogical resemblance between 
a pegmatite and its country rock. W. C. Brogger illustrated 
this argument by reference to the granite-pegmatites of Hittero 
and Arendal, Norway, which are mineralogically similar to 
one another and also to an adjacent body of granite; yet the 
Hittero pegmatites occur in anorthosite and norite, the Arendal 
pegmatites in gneiss and schist. Brogger pointed also to the 
aegirine-granite pegmatite of Rundemyr, which cuts limestone 
at a distance of half a kilometre from a body of aegirine-granite. 

G. H. Williams observed in Maryland that “there seems 
to be no relation between the character of the adjoining rock 
and the particular kind of pegmatite which occurs within it.** 
Crosby and Fuller reported that in New Hampshire “ we have 
found pegmatites of strikingly uniform composition traversing 
in succession, and without sensible change, a whole series of 
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granites, gneisses, and schists of the most diverse origin.” 
W. T. Schaller showed that the famous lithia-pegmatites of 
Pala, California, occur mostly in gabbro but sometimes in 
granodiorite; and O. Andersen found that in the pre-Cambrian 
region of southern Norway, typical microcline-granite pegma¬ 
tites are most abundant in gabbro, diorite, and amphibolite. 
A parallel observation was made by T. G. McLaughlin, at 
Wind River Canyon, Wyoming, where veins of microcline- 
granite pegmatite invade a schist composed of hornblende and 
labradorite. A body of microcline-granite occurs in the vicinity. 

Further evidence to the same effect is given by the corun¬ 
dum-bearing pegmatites of the United States, Transvaal, and 
India, which are found in peridotite or serpentine, usually at no 
great distance from an intrusive body of granite. In Seiland, 
Norway, according to T. F. W. Barth, both corundum pegma¬ 
tites and nepheline-pegmatites occur in peridotite but not in the 
adjoining gneiss. It seems impossible to explain these facts 
in terms of lateral secretion. 

W. C. Brogger made the curious observation that the rare 
minerals in the granite-pegmatites of the Christiania (Oslo) 
district of Norway are to a large extent different from those in 
the syenite-pegmatites of the same region. The granite-pegma¬ 
tites hold especially columbates, tantalates, and phosphates; 
the syenite-pegmatites and nepheline-pegmatites hold zir¬ 
conium minerals and species containing fluorine and boron. 
F. L. Hess (1) recognized four distinct types of pegmatite in 
North Carolina, namely zircon-sphene pegmatites, uranium- 
rare earth pegmatites, lithium-tin pegmatites, and simple 
granite pegmatites without any rare minerals. G. Switzer 
found four types of pegmatite within a single small granite 
stock in Colorado. These observations are not easily reconciled 
with the lateral secretion theory. 

F. L. Hess (2) observed that the country rock about some 
pegmatites is greatly altered; large quantities of silica as well 
as certain uncommon minerals have been introduced into the 
country rock, but there is little evidence of any transference of 
matter from country rock into pegmatite. Thus at Camp 
Harding, New Mexico, the wall rock (quartz-mica schist) was 
so largely replaced by lepidolite that it was at one time mined. 
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along with the pegmatite, for its lithium content. In India, 
the joint work of Roy, Sharma, and Chattopadhyay showed 
that the pegmatites of Kodarma have not taken any material 
from the wall rocks, but on the other hand they have added 
plenty of material to the latter.** The mica-schist near the 
pegmatite veins has been feldspathized, and eyes of oligoclase 
have developed in it, while abundant crystals of tourmaline and 
apatite appear both in the pegmatite and in the adjoining schist. 

In the case of large plutonic intrusions, we have seen that 
reaction with the wall rocks has generally been of a reciprocal 
nature, the magma giving up some constituents to the wall rock 
and receiving others in exchange. It need not surprise us, 
then, to find some evidence of reciprocal action between pegma¬ 
tite and its walls. Large crystals of andalusite are sometimes 
found in granite-pegmatite which cuts slate or schist. J. J. 
Runner has recorded both andalusite and sillimanite in pegma¬ 
tites of the Black Hills, South Dakota, and holds that they are 
due to contamination of the pegmatite magma with aluminous 
sediment. R. W. Webb has described pegmatite containing 
giant crystals of andalusite, in Riverside County, California* 
O. Andersen described a plagioclase-cordierite pegmatite within 
cordierite-gneiss at Risor, Norway; also garnetiferous pegma¬ 
tite in garnet-gneiss and epidote-bearing pegmatite in 
epidote-mica schist. It was his opinion, however, that in these 
pegmatites “ the reaction has been more a recrystallization than 
an assimilation** of the introduced material. 

J. Lehmann conceded that “ a certain dependence upon the 
country rock cannot be denied ** in the pegmatites of the Saxon 
granulite region. He found orthoclase-rich pegmatites in asso¬ 
ciation with orthoclase-granulite; pligoclase-biotite pegmatites 
with plagioclase-granulite; and rare hornblende-epidote pegma¬ 
tites with pyroxene-granulites and amphibole-schists. We may 
recall Crosby and Fuller’s observation that the mica-pegma¬ 
tites of New Hampshire are more micaceous where they cut 
mica-schist than where they cut granite. In brief, it need not 
surprise us to find that certain pegmatites have taken on some 
of the characters of their wall rocks while others show no such 
relation. The same thing is true of granites in general. But 
the recognition of a certain mineralogical resemblance between 
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a crystalline rock and its wall falls short of proof that the former 
was generated from the latter. Not one of the examples cited 
above can be held to support the lateral secretion theory in ioto; 
whereas the numerous instances in which there is no mineralo- 
gical or chemical relationship between pegmatite and wall rock 
afford strong evidence against that theory, at least in the 
instances referred to. 

About the year 1870, G. Vom Rath was impressed by the 
abundance of tourmaline, beryl, and lithia-mica in the pegma¬ 
tites of Elba, and their absence from the surrounding granite. 
He assumed that the uncommon elements in these minerals had 
been supplied by ascending solutions from some deep-seated 
source. W. C. Brogger commented that this assumption could 
only be accepted if it was admitted that both the pegmatite and 
the massive granite were formed from a “ hydatopyrogenic ** 
magma, or a mutual solution of silicates and water. In this 
matter Brogger was of the same opinion as J. Lehmann, who 
wrote in 1884 that the granitic dykes of Saxony “ have indeed 
been formed by the co-operation of water, yet it was not atmos¬ 
pheric water seeping into fissures but eruptive water, charged 
with mineral matter in solution, which was yielded by the under- 
lying granite.** Lehmann compared the pegmatite-forming 
solution to a hot silica jelly. 

Between the “seepage water’* theory of Credner and the 
“eruptive water** theory of Lehmann and Brogger it can 
hardly be denied that the advantage, as regards the explanation 
of the rare-element pegmatites, is with the latter. The seepage 
theory requires us to believe that water at little more than 
atmospheric temperature, seeping through the interstices of 
solid rocks and making contact only with the surfaces of the 
mineral grains, can leach the rare elements out of crystalline 
particles which only hold minute traces of these elements in 
solid solution. According to the eruptive theory, the rare 
elements were dissolved in a body of rock-magma which also 
held water in solution; thus water and these elements were 
mingled on an atomic scale from the beginning. When the 
water was liberated as a second liquid phase, in consequence of 
the crystallization of the bulk of the magma, it held in solution 
not only a residue of alkalis, alumina, and silica but also alt 
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the rare components which had not yet reached their saturation 
point. The solution collected in fissures and cavities, where 
it deposited the rare minerals together with feldspar and 
quartz. 

W. C. Brogger was the first to show that chemical re¬ 
placement has played a part in the generation of the complex 
pegmatites. He distinguished three periods of growth, a mag¬ 
matic period, a pneumatolytic period (see back, p. 162) and a 
hydrothermal period; and he described the replacement of 
orthoclase by albite, of nepheline by sodalite, and other post- 
magmatic changes. A Lacroix, in his great work on the 
minerals of Madagascar, contributed further observations of 
this nature, especially in relation to the lithia-pegmatites. He 
wrote: “There is no doubt that the lithia minerals are of 
secondary, pneumatolytic origin. . . . The lithia phase is 
always the last act in the history of granitic magmas.“ 

Since 1925 much attention has been directed to replacement 
in complex pegmatites. In that year F. L. Hess (1) discussed 
the natural history of the pegmatites and emphasized the im¬ 
portance of replacement of country rocks by the pegmatite¬ 
forming solutions. W. T. Schaller demonstrated that the 
lithia-pegmatites of Pala, California, have been formed by a 
succession of replacements from an original graphic granite 
composed simply of quartz and microcline. In the first stage 
of replacement hotli microcline and quartz were partly replaced 
by albite, but the graphic texture of the rock was not wholly 
destroyed. The displaced potash took the form of muscovite. 
At a later stage, garnet and black tourmaline were formed at 
the expense of both kinds of feldspar; and still later, lithium 
silicates replaced to some extent all the minerals already named. 
In the pegmatites of Maine a similar series of replacements was 
traced by K. K. Landes, who judged that black tourmaline, 
beryl, and garnet were formed in the magmatic stage; lithia- 
tourmaline, spodumene, and lepidolite in the high-temperature 
hydrothermal stage; and lithium-manganese phosphates and 
other minerals at lower temperatures. A. L. Anderson claimed 
with regard to the pegmatites of Idaho that even tourmaline, 
beryl, and garnet are not primary crystallizations but replace¬ 
ments of earlier minerals. W. T. Schaller holds that “any 
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one of these minerals may have more than one generation, and 
reversals of the order of crystallization also occur,” 

The succession potash-pegmatite, soda-pegmatite, lithia- 
pegmatite, has now been recognized in many lands and many 
localities. This order of succession is that of diminishing ionic 
radii (K. 1.33; Na *98; Li *78), which suggests that the small 
sodium ions are able to diffuse into a lattice containing potas¬ 
sium, and the still smaller lithium ions into a lattice containing 
sodium, while the reverse procedure is difficult or impossible. 
This is an attractive idea, but it is not-always supported by the 
observed order of formation of the minerals. Thus J. G. 
McLaughlin has recorded pseudomorphs of albitc after petalite 
(sodium replacing lithium) in a pegmatite in Wyoming; and 
Brush and Dana described pseudomorphs of microcline after 
spodumene in pegmatite at Branchville, Connecticut. B. M. 
Shaub says that at Newry, Maine, albite both preceded and fol¬ 
lowed the lithia minerals. 

It is not necessary that all pegmatites should have had the 
same history, but most students of the complex pegmatites have 
found evidence of mineral replacement, usually in the order 
described by Lacroix, Schaller, and others. T.» W. Gevers 
claims that in the great pegmatite region of Namaqualand, S. 
Africa, “ there is hardly one species outside feldspar, j8-quartz, 
zircon, and small crystals of apatite and spessartite, that was not 
shown by field evidence and laboratory examination to have 
originated by replacement.” The solutions that effected these 
replacements in pegmatite are believed to be derived from the 
cooling magma. At least we are sure of this : that the solutions 
were hot and charged with mineral matter; that they followed 
channels within normal pegmatite veins and sometimes invaded 
the wall rocks; and that they followed the same channels for 
long periods, all the while cooling down and changing their 
composition by reacting with the solid silicates. Since residual 
solutions of the necessary character are expectable as end- 
products of the crystallization of granitic magma, most geolo¬ 
gists have been satisfied to accept the magmatic origin of 
the mineralizing solutions and to see the complex pegma¬ 
tites as products of the deuteric alteration of simple granite- 
pegmatite. 
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The Association of Pegmatite with Aplite 
One of the most puzzling of the many problems connected 
with pegmatite is the frequent association of aplite and pegma¬ 
tite, representing opposite extremes of granularity, within the 
same body of granite. Sometimes there is a difference of age 
between them, and then either of them may cut the other; but 
in many instances pegmatite and aplite occupy the same fissure. 



Fig. 27. Pegmatite with marginal and central aplite. Vermilion, Minnesota. 

(F. F. Grout.) 


sometimes one and sometimes the other assuming the central 
position. Alternatively, pockets of pegmatite may develop 
within an aplite dike, and streaks and patches of aplite may be 
preserved within a body of pegmatite. Exceptionally there may 
be a rhythmic alternation of aplite and pegmatite in successive 
curved sheets, resembling Liesegang rings on a large scale. 

Aplite, like pegmatite, is a sack name which covers a wide 
range of mineral associations. It is one of the anomalies of 
our old-fashioned classification of rocks that the mineralogically 
interesting and commercially important pegmatites have re¬ 
ceived just one generic name, while the relatively uninteresting 
aplites have beqn burdened with more than a score of “ specific ** 
names of the usual geographical type. We shall ignore all such 
trivial names and confine our attention, in this discussion, to 
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what Rosenbusch called “ apHte in the narrower sense,” and 
particularly to the only really common variety, granite-aplite. 
This is a fine gfrained dike-rock containing the same minerals 
as the parent granite but differing from it in two important 
respects. There is first the textural difference. In typical 
granite the minerals of early crystallization are idiomorphic; 
those of late crystallization (generally quartz and microcline) 
are typically allotriomorphic, having adapted themselves to such 
spaces as remain between the crystals of the earlier minerals. 
Many granites are porphyritic, or at least uneven-grained. But 
in aplite all the mineral grains have approximately the same 
size and none is better shaped than another, as if all had 
crystallized at the same time and at the same rate; thus every 
grain of the abundant minerals, whatever its composition, inter¬ 
feres to the same extent with every other grain. This texture is 
well described by the adjective “ sugar-grained.” 

The second point of distinction between granite and aplite 
is that the latter is markedly deficient in dark minerals. Musco¬ 
vite is common, but biotite is scarce and tourmaline and garnet 
are patchy and inconstant. The feldspar is the same as in 
granite, namely orthoclase, microcline, and sodic plagioclase. 
Mineralogically, therefore, aplite differs from normal granite 
in the same sense that pegmatite does. No satisfactory com¬ 
parison of chemical composition can be made on account of the 
difficulty of sampling a really coarse pegmatite. Washington’s 
Tables include some thirty analyses of pegmatites and graphic 
granites, presumably of the less coarse type, and nearly a 
hundred analyses of aplites, microgranites, microsyenites, and 
paisanites. Many of these analyses are incomplete, minor con¬ 
stituents having been neglected, but most of them include 
determinations of TiOa and PnO* and a few supply data on 
ZrOa, Cl, F, S, and LioO. A rough comparison shows that 
these minor elements and oxides have been recorded just about 
as often in the aplites as in the pegmatites, and that their pro¬ 
portions are of the same order of magnitude. Even the propor¬ 
tion of combined water is about the same. The rare minerals 
that give a special interest to pegmatites have not generallv 
been observed in aplites, but the following minerals have been 
recorded in certain examples: zircon, xenotime, tourmaline, 
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topaz, allanite, lepidolite, spodumene, aegirine, riebeckite. It 
is fair to conclude that there is no significant chemical difference 
between aplites and pegmatites which occur within the same 
body of granite. 

To what, thin, may we ascribe the astonishing difference 
in texture between aplite and pegmatite ? Nobody doubts that 
the coarse crystallization of pegmatite, compared to that of 
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Fig. 28. Formation of pegmatite by recrystallization of aplite. 

(N. M. Uspensky.) 

A, aplite; B, graphic granite; C, coarse graphic granite; D, druses. 

normal granite, is connected with the greater concentration of 
water in the residual solution, and many writers refer confi¬ 
dently to the presence of “ mineralizers ** in the solution. But 
aplite is also a product of residual solutions, and the chemical 
data which we have cited fail to establish any chemical differ¬ 
ence between aplite and pegmatite. The explanation of the 
textural difference must therefore be a physical one. In chemical 
laboratory practice one prepares large crystals by permitting 
a saturated solution to cool very slowly, without disturbance; 
whereas rapid cooling and constant agitation of the solution 
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will yield a crop of small crystals. It is difficult to believe that 
the crystallization of aplite was rapid, even in a relative sense, 
yet the number of centres of crystallization in aplite is many 
times that in pegmatite. 

There is some evidence that the change from aplite to 
pegmatite may be due to recrystallization. N. M. Uspensky has 



Fig. 29. A vein of aplo-pegmatite in the Snoqualmie granodiorite, Washington 
State. Magnification 1^. Description on p. 188. 

discussed this possibility in connection with the pegmatites of 
the Borshov range, in Transbaikalia. These veins show bilateral 
symmetry, with coarse, drusy graphic granite in the middle. 
Next to this, on both sides, is a zone with perfect graphic 
texture; then a marginal zone of aplite, towards which the 
pegmatite presents a series of curved surfaces and a radial 
structure. The description reminds one of the “scalloped 
growths” in the pegmatite of Kinkel’s quarry, at Bedford, 
New York, which are formed of alternating bands of pegmatite 
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and aplite; and of the feldspar “ brushes*’ described by E. S. 
Bastin at Topsham, Maine, and the hemispherical growths of 
cleavelandite found by V. C. Shainin at Branchville, Conn. 

Fig. 29 shows an interesting relation between aplite and 
(micro-)pegmatite in a narrow vein traversing the Snoqualmie 
granodiorite, in Washington State. The middle member, only 
15 millimetres wide, is a quartz-orthoclase aplite having a grain- 
size of less than 0*2 m.m. Some larger quartz grains lie 
irregularly along the middle line. The aplite is bordered on 
each side by a 10 mm. selvedge of micropegmatite consisting of 
blades of orthoclase, 5 to 10 mm. long, which enclose fan-like 
groups of quartz fibres. The wall rock is hornblende-biotite 
granodiorite in which the larger feldspars, measuring about 
2x1 mm., are zoned plagioclase with mantles of alkali-feldspar. 
The passage from granodiorite to micropegmatite is strongly 
marked on account of the disappearance of the dark minerals, 
yet the junction is not an intrusive one, for the radiating texture 
of the micropegmatite shows clearly that the quartz-orthoclase 
intergrowth grew out from the granodiorite walls. The passage 
from pegmatite to aplite marks the limit of this growth. There 
is no indication that the pegraatitic crystals were truncated by 
the intrusion of an aplitic liquid, but only that the growth of 
these crystals was stopped by some change of physical condi¬ 
tions. These observations are favourable to the idea that the 
micropegmatite was formed by a recrystallization of the margins 
of the aplite vein, under the influence of residual solutions es¬ 
caping from the granodiorite. 
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Whosoever shall entertain high and vaforous imagina¬ 
tions, instead of a laborious and sober inquiry of truth, 
shall beget hofes and beliefs of strange and impossible 
Francis Bacon. 


CHAPTER XII 

ERUPTIVE ROCKS AND ORE DEPOSITS. 

This is not a study of ore-deposits. It does not start out from 
known occurrences of ore and attempt to establish their mode 
of origin. It is strictly a continuation of the subject matter of 
the last two chapters, and it attempts to investigate the capa^ 
bility of eruptive magma and solutions of magmatic origin to 
generate bodies of ore. If certain ores have their source in 
rock-magma, then it should be possible to trace the ore-forming 
elements all the way from place of origin to place of deposition, 
and to study the chemistry of the transporting solutions and of 
the reactions that caused the ore to be precipitated where we find 
it. We shall therefore reverse the usual method of approach. 
Instead of setting out from an ore deposit and taking sights on 
the nearest eruptive rock, we shall start from the petrologist’s 
end of the road and see where it leads us. If we meet a body 
of ore-geologists on the way, well and good; if not, it will show 
that the road must be re-surveyed. 

In this discussion we shall use the word “ore” in the 
broadest sense, to include such uncommon minerals as beryl, 
lepidolite, pitchblende, monazite, since all of these are “ores” 
in modern metallurgical practice. We shall be concerned only 
with those primary ores which are closely connected with erup¬ 
tive rocks. With secondary or oxidized ore we have nothing 
to do. 

The belief that residual solutions from crystallizing rock 
magma, which may already have generated pegmatites and 
quartz-veins, are capable of depositing ore in and about the 
parent rock, grew out of the studies of A. Daubr^e on the 
genesis of tin deposifs. The evidence, which we have already 
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summarized (p. 161), proved so convincing that it had the effect 
of blinding many geologists to other possible sources of ore. 
How widely a belief in the magmatic origin of ore has been 
accepted, we may deduce from the following statements by 
recent writers on ore deposits :— 

“ It is held that hypothermal and mesothermal deposits are formed by 
emanations from intrusive rocks, generally batholiths.** (W. Lindgren, 
1933.) 

“ It is now generally conceded that a very large group of ore-deposits 
was deposited by solutions differentiating from magmas.*’ (F. F. Osborne, 
1937.) 

“ Probably most geologists would agree that ore-deposits are generally 
derived from large bodies of igneous material.” (C. N. Fenner, 1940.) 

” (Magmatic) waters and vapors have become almost universally ac¬ 
cepted as the causative agents of most epigenetic ore deposits.” (A. M. 
Bateman, 1942.) 

It is interesting to note the choice of verbs in these state¬ 
ments : it is held; it is conceded; would agree; universally 
accepted. Rightly or wrongly, one gets the impression that 
each of these writers was expressing the fashionable view rather 
than a deep personal conviction. It is our purpose in this 
chapter to examine the foundations of this widely held belief 
in the power of magmatic solutions to generate ore deposits. 

We have already discussed the composition of the residual 
solutions from crystallizing rock-magma. We need only recall 
that the average eruptive rock contains nearly sixty per cent 
of feldspar; that the later the feldspar crystallized, the richer it 
is in alkalis; and that the great majority of rocks contain no 
significant proportion of any acid stronger than silicic acid. 
The conclusion is unavoidable that the residual aqueous solu¬ 
tion from the crystallization of such a rock must contain 
abundant sodium- and potassium ions, together with weak 
aluminium-silicon-oxygen anions; that is, it must be definitely 
alkaline in character. 

This is contrary to the opinion of many ore-geologists, who 
find it necessary to postulate acid solutions as carriers for the 
common heavy metals, and who point to the presence of 
chlorine, fluorine, and sulphur in most eruptive rocks that have 
been completely analyzed. But according to the data of Clarke 
and Washington, which we quoted on p. 31, the average 
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eruptive rock contains only 0 09 per cent of chlorine, 0 08 per 
cent, of sulphur, and 0 03 per cent of fluorine. Even if these 
elements are entirely primary (a questionable assumption as 
regards both sulphur and chlorine), and even if the whole 
amount of each is concentrated in the residual liquid (another 
questionable assumption), it is surely beyond dispute that these 
small amounts of strong anions must be outweighed by the 
weak aluminium-silicon-oxygen anions and the strong sodium 
and potassium pations, and consequently that the residual 
liquid from any feldspathic or feldspathoidal magma must be 
alkaline. 

This conclusion does not shut out the possibility that a 
certain amount of acid vapour may be formed if the presence 
of open channels permits boiling of the alkaline liquid to take 
place. This possibility has been explored by N. L. Bowen, 
and it is thought to be illustrated by the Katmai fumaroles, 
the chemistry of which was studied by Allen and Zies. The 
steam was found to contain 0T17 per cent of HCl, 0 032 per 
cent of HF, and 0 029 per cent of HgS. The mineral incrusta¬ 
tions about the fumaroles were studied by E. G. Zies, who 
found the most abundant metalliferous deposit to be magnetite. 
Chemical and spectroscopic analysis of the incrustration showed 
a small content of lead, zinc, copper, and manganese, as well 
as traces of molybdenum, tin, nickel and cobalt. 

If acid solutions are necessary to explain the genesis of cer¬ 
tain ore deposits which are assumed to be of eruptive parentage, 
then boiling of the residual liquid from crystallizing rock- 
magma seems to be the only way in which these solutions can 
be supplied. With the Katmai illustration before us, it is not 
difficult to believe that certain near-surface (epithermal) ore 
deposits may have been formed or modified by acid vapours, 
but it would not be perniissible to extend this conclusion to 
deep-seated (hypothermal) deposits. It is most unlikely that 
boiling can take place under plutonic conditions. G. W. 
Morey has discussed this question; he considers that under 
deep-seated conditions the pressure will always be so high as 
to make boiling impossible. P. Niggli seems to share this 
opinion, but Bowen thinks it possible that “pegmatitic liquid 
sometimes boils even at rather considerable depths.** In view of 
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this difference of opinion, and in the total absence of direct 
evidence, it will be wise to concede the possibility that acid 
vapours may participate in the formation of some ore deposits. 
Yet when we compare the high proportion of strong bases, in 
the average eruptive rock, with the trivial proportion of strongly 
acid radicles, it is difficult to evade the conclusion that the 
problem of eruptive ore deposits must be discussed primarily 
in terms of alkaline solutions. 

In this discussion we shall find it convenient to follow 
J. H. L. Vogt (1) by making a distinction between oxidic ores 
and sulphidic ores. The former are oxides and oxygen salts 
(silicates, aluminosilicates, phosphates, titanates, etc.); the 
latter are sulphides and the related arsenides, antimonides, 
selenides, tellurides. A parallel distinction was made by V. M. 
Goldschmidt between lithophile and chalcophile elements. The 
latter term, meaning ** copper-loving,** does not seem well 
chosen; it will be more appropriate to use thiophile (sulphur- 
loving) for the elements in question. Lithophile elements yield 
oxidic ores; thiophile elements yield sulphidic primary ores. 
The basis of the distinction rests on the energy of combination 
of the elements. Those that have a high energy of oxidation 
have combined with oxygen in nature and are lithophile; those 
with a low energy of oxidation have generally failed to secure 
oxygen and have instead combined with sulphur or arsenic; 
they are thiophile. A few metals, particularly iron but also 
manganese and tin, form both oxidic and sulphidic primary 
ores. 


The Genesis of Oxidic Ores. 

We have already reviewed the evidence relating to the tin- 
tungsten ores (p. 161) and the pegmatites (p. 178). This evidence 
has convinced most if not all geologists that the tin-tungsten 
group of minerals and the lithium-beryllium-tantalum group 
were formed by magmatic residual solutions escaping from 
bodies of granite. Proof is beyond our power, but the evidence 
is so strong and so consistent that the conclusion is probably 
as soundly established as most geological beliefs. 
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This conclusion is justified by the chemistry of the metals 
concerned. In a solution which contains chiefly sodium and 
potassium ions, together with weak aluminum-silicon-oxygen 
anions, one might expect to find small quantities of certain 
related elements, namely: 

(1) elements related to sodium and potassium ; 

(2) elements having some relationship with aluminium; 

(3) elements whose oxides form soluble salts with the 
alkalis, in this respect resembling silica. 

Group 1. The elements lithium, rubidium, and caesium 
are so closely related to sodium and potassium that it is a 
matter of considerable difficulty to separate them. The ionic 
radii are as follows: 

Li 0*78; Na 0*96; K 1*33; Rb 149; Cs 166, 

hence lithium is to be expected in association with sodium, 
caesium and rubidium with potassium. Lithium differs from 
the other alkali-metals in not forming a feldspar, yet the albite- 
rich pegmatites are the chief source of lithium ores, and sodium 
and lithium are mutually replaceable in such minerals as spodu- 
mene, tourmaline, amblygonite, lithiophilite and natrophilite. 
Rubidium oxide has been found to the amount of more than 
three per cent in microcline and over one per cent in mica 
(F. W. Clarke). A little csesium accompanies the other alkali 
metals in some varieties of mica and beryl, and it forms the 
rare silicate pollucite which is related in composition to leucite. 

Group 2. Nearly related to aluminium are the rare ele¬ 
ments of the cerium group, together with yttrium, scandium, 
and gallium. These elements are both trivalent and quadriva¬ 
lent. When trivalent, they seem to be interchangeable to a 
certain extent with aluminium, as in the mineral allanite. Boron 
too is believed to substitute for aluminium in some silicates, 
notably tourmaline and danburite. Beryllium, which of all the 
metals has the smallest atoms, is always associated with 
aluminium and silicon, the elements closest to it in ionic radius 
(Be 0*34; Si 0*39; A1 0’67). Goldschmidt suggests that beryl¬ 
lium may to a small extent replace either aluminium or silicon. 
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Group 3. The oxides of a number of metals, mostly those 
of high valence, are either amphoteric or definitely acidic in 
character and consequently form soluble salts with the alkalis. 
Aluminium and beryllium fall into this category, and the others 
are as follows: 

Valence 2 : lead, zinc, manganese; 

,, 3: vanadium, chromium; antimony, arsenic; 

,, 4 : zirconium, hafnium, thorium, titanium, tin, 

gallium, germanium, molybdenum; 

,, 5: columbium, tantalum, bismuth; 

,, 6 : tungsten, molybdenum, uranium. 

Most of these metals have more than one valence, but the 
primary ores, as a rule, exhibit only one of the possible 
valences. Five of the metals named are thiophile and may be 
omitted from this discussion; these are lead, zinc, arsenic, anti¬ 
mony, and germanium. Bismuth trioxide has no acidic charac¬ 
ter, but the pentoxide BijOa is feebly acidic and forms salts 
such as sodium bismuthate; this compound, however, is imme¬ 
diately reduced by ferrous and manganous oxides, so it could 
not possibly be present in rock-magma. Nevertheless bismu- 
thinite (BijSa) and native bismuth are rare constituents of some 
pegmatites. Molybdenum, in its commonest ore, molybdenite, 
is quadrivalent and then thiophile, but a little molybdenum is 
associated with tungsten in scheelite and is then hexavalent and 
lithophile. (Wulfenite and other rare molybdates are oxidized, 
not oxidic, ores.) 

In the case of vanadium, chromium, and manganese, the 
stable oxides VaO,, CrjOs, and MnO are basic and do not 
form salts with the alkalis. The higher oxides V 2 O 5 , CrOs, 
and MnOs are acidic, but they are only generated under 
strongly oxidizing conditions which are not realized in deep- 
seated rock-magma; this is an unescapable deduction from the 
almost invariable presence of ferrous oxide in eruptive rocks. 
(The chromate, crocoite, and the vanadate, vanadinite, are 
oxidized, not oxidic ores.) Consequently one would not expect 
to find vanadium and chromium in association with the other 
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metals of high valence named in the above list; their normal 
environment is in iron-rich rocks such as gabbro, pyroxenite, 
and peridotite. This is explained by the ionic radii, Cr'" 0*64; 
V'" 0*66; Fe'" 0*67. Both VaOs and CrjOa occur in appreciable 
quantity in the “ iron ore ** of many gabbroic rocks, which is 
usually a mixture of vanadiferous or chromiferous magnetite 
with ilmenite. Cr^Os rises to high concentration in picotite and 
chromite. An essential condition for the presence of chromium 
or vanadium ore in a rock seems to be abundance of iron oxide 
in the magma. 

Divalent manganese (ionic radius 0*91) replaces ferrous 
iron (ionic radius 0*83) in very many rock-forming minerals 
and ores. It is sometimes precipitated from pegmatitic solu¬ 
tions in the form of a phosphate of the triphylite group. 

We come now to the metals of valence 4, 5, and 6, which, 
together with aluminium and beryllium, are the typical “ peg¬ 
matite elements.” Their alkali salts (beryllates, zirconates. 
titanates, stannates, columbates, tantalates, tungstates, molyb¬ 
dates, uranates) are soluble in water but are easily hydrolyzed, 
some by dilution, some by boiling, and all by neutralization with 
weak acids, even carbonic acid. The precipitate is a hydrous 
oxide of indefinite composition, and it is characteristically col¬ 
loidal. The rare metals hafnium and thorium do not normally 
form alkali salts, but both are closely related to zirconium, and 
when associated with relatively large amounts of the latter they 
tend to accompany it through all its reactions, the zirconium 
acting as a ” carrier.” Alumina and beryllia are readily soluble 
in acids, but the other hydroxides are either insoluble or very 
difficulty soluble in all acids except hydrofluoric, with which 
they form fluorides just as silica does. 

In several important respects, then, the behaviour of these 
oxides is parallel to that of silica; hence we may expect that the 
conditions which favour the transport and precipitation of 
silica in nature will be equally favourable for the other oxides. 
Thus the occurrence of these elements in the residual solutions 
from granitic and syenitic magma is adequately explained, and 
the absence of other metals becomes intelligible. 

It must be added that the precipitation of these elements 
in the form in which we find them raises new problems. Of 
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the constituents of pegmatites and quartz veins, only quartz, 
cassiterite, corundum and magnetite are oxides. The 
hydroxides of the more basic elements, when precipitated in 
colloidal form, carry positive charges and cause co-precipitation 
of silica, which carries a negative charge; hence zirconium 
(with hafnium) and thorium commonly form orthosilicates 
(zircon, thorite) and complex zirconosilicates of sodium and cal¬ 
cium. The rare-earth metals are also precipitated in part as 
silicates (cerite, allanite), but in part as phosphates (xenotime, 
monazite), and they appear as minor components of some 
columbates and tantalates. Beryllium is still more basic and 
usually forms the aluminosilicate, beryl, but also the aluminate, 
chrysoberyl; and it occurs in a number of scarce silicates such 
as gadolinite, helvite, and euclase. Of the more acidic ele¬ 
ments, titanium forms the simple titanosilicate, sphene, and 
many complex titanosilicates, besides entering into many of 
the columbates and tantalates. Tungsten forms chiefly the iron 
and manganese tungstates, wolfram and hiibnerite, and the 
calcium tungstate, scheelite. Uranium forms a series of com¬ 
plex uranates containing thorium, zirconium, and rare-earths. 

The reactions which lead to the formation of these par¬ 
ticular compounds are not understood. The extreme com¬ 
plexity of many of the pegmatite minerals, which may hold six 
or eight metals at once, suggests a simultaneous precipitation 
of all the hydroxides together with colloidal silica, and subse¬ 
quent slow crystallization of the mixed gel. Sometimes the 
influence of the wall rock can be recognized, as when a peg¬ 
matite develops sphene and apatite in the neighbourhood of 
limestone; and the presence of molybdenite and other sulphides 
suggests the addition of hydrogen sulphide to the liquid. The 
physical chemistry of the mineralized pegmatites deserves much 
more attention than it has yet received. 

The Problem of the Sulphidic Ores. 

We turn now to the commoner ores, the sulphides and 
sulpho-salts, selenides, tellurides, arsenides and antimonides of 
the common heavy metals, iron, copper, lead, zinc, silver, 
mercury, manganese, nickel, cobalt, bismuth and antimony. 
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Chemical analysis, supplemented by the spectroscope, has re¬ 
vealed traces of all these elements, as well as many rarer ones, 
in eruptive rocks. Sedimentary and metamorphic rocks have 
not been analyzed so frequently or so completely as eruptives, 
but there is no reason to doubt that they too carry small quan¬ 
tities of the thiophile elements. Nickel, cobalt, zinc, copper, 
lead, silver, and gold have all been detected in sea-water and 
must therefore find their way into sedimentary rocks. A man¬ 
ganese nodule dredged from the ocean floor by the Challenger 
expedition was found to contain weighable proportions of 
nickel, cobalt, zinc, copper, lead, thallium, vanadium, and 
molybdenum. It would not be wise, therefore, to assume that 
all ore is derived from eruptive rocks. The data of Clarke and 
Washington show that the total amount of the five thiophile 
elements, nickel, copper, zinc, cobalt, and lead, in the average 
eruptive rock, is less than the amount of zirconium alone; and 
even the rare-earth metals (cerium, yttrium, etc.) are more 
abundant than copper, lead, or zinc. 

Nevertheless a few sulphidic ores are common minor con¬ 
stituents of eruptive rocks. Chief among them are pyrite, 
pyrrhotite, pentlandite, and chalcopyrite. It used to be 
thought that these ores had crystallized along with the asso¬ 
ciated silicates; but the introduction of the reflecting micro¬ 
scope has shown in countless instances that the sulphidic ores 
are not contemporaneous with the rock-forming silicates but 
were introduced after the completion of the magmatic stage ot 
crystallization. As an illustration we may cite the Engeb 
copper deposit in California. It was claimed in 1914 that 
“the ores are of direct magmatic origin**; yet Graton and 
McLaughlin showed, a few years later, that “ the ores, instead 
of being magmatic in the sense that they were initial con¬ 
stituents of the dioritic rock in which they occur, were intro¬ 
duced after the rock had solidified and had suffered notable 
dynamic and chemical changes.” 

It appears in an increasing number of instances that the 
distribution of ore in an eruptive rock is controlled by fissures. 
This is the case at Bingham and Butte, where the ore occurs 
in a much shattered quartz-monzonite. At Sudbury, according 
to Tolman and Rogers, “ Very often the ore is concentrated in 
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those portions of the intrusive which have suffered brecciation 
during intrusion.” In a recent study of the Mount Prospect 
area, Connecticut, E. N. Cameron found that the distribution 
of the iron-copper-nickel sulphides in norite was controlled by 
“fractures, microfaults, microshear zones, and mineral 
cleavages.” Evidence of this kind does not disprove the mag¬ 
matic origin of the ore but makes it less certain than it seemed 
to an earlier generation of geologists. 

The same pegmatites and quartz veins that carry oxidic 
ores may carry sulphides too, particularly pyrite, arsenopyrite, 
molybdenite, occasionally bornite or chalcopyrite, and some¬ 
times bismuthinite or galena. Nevertheless the vast majority 
of pegmatites and quartz veins in and near eruptive bodies are 
barren of ore, and there is no evidence (within the writer’s 
knowledge) that ore-bearing quartz veins ever lead or grade 
along the strike into large bodies of sulphidic ore. According 
to L. C. Graton, the experience of mining geologists is that 
when ore veins and pegmatites occur in the same region, the 
ore veins are not continuous with the pegmatites but nearly 
always intersect them. Graton therefore concludes that “ most 
ore-deposits did not come through the pegmatite lineage.” 

From the chemical angle, there is no apparent reason why 
the thiophile metals should be present in magmas and solutions 
of which the main components are silica, alumina, and alkalis. 
According to J. H. L. Vogt (2) the sulphides of cobalt, nickel, 
lead, silver, and copper are only -soluble in silicate melts in 
minute amounts of the order of 0*01 to 0025 per cent. It is 
true that even these minute quantities might give rise to sizeable 
ore deposits if all the sulphides in a large body of rock-magma 
could be collected and concentrated in one spot; but then the 
question arises whether a hydrous magma or solution would 
deposit the metals as sulphides or as oxides? In the presence 
of water the following reaction may be expected to take place: 

RS + H.O<=»RO + H,S. 

If HjO were in considerable excess over HaS, this reaction 
would proceed towards the right and the heavy metals would 
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be precipitated as oxides (or other oxygen compounds) instead 
of sulphides. Only a very high concentration of HaS in the 
magma or solution could bring about the precipitation of sul¬ 
phides, and there is no evidence that the concentration is high. 
The gas collections made at Kilauea (see p. 35) show water in 
great excess over sulphur, and the Katmai fumaroles (p. 192) 
yielded only trifling amounts of HaS. The chief deposit of 
these fumaroles was magnetite. 

Some writers have invoked alkali sulphides as solvents for 
sulphidic ores. Concentrated solutions of alkali sulphides will 
dissolve the sulphides of certain metals, forming thio-salts such 
as sodium thiostannate (NajSnSa). Magmatic solutions may per¬ 
haps contain a small proportion of alkali sulphides, but there is 
no suggestion that they are ever concentrated solutions of these, 
so it seems that their capacity for transporting sulphides of the 
heavy metals is negligible. R. M. Garrels found that iron is 
soluble only to a very small extent in sodium sulphide melts, 
so he claims that “alkali sulphide solutions are incapable of 
carrying more than minute amounts of iron in solution.** 

May we then suppose that the heavy metals were present 
in the magma in the form of silicates, and that the sulphide 
ions were contributed by ground water ? This would remove 
one of our difficulties. It would be possible to explain on these 
lines the frequent occurrence of the sulphides of iron, nickel, 
and cobalt in magnesium-rich rocks such as gabbro and norite. 
The ionic radii of these four metals are: 

Mg 0-78; Ni 0*78; Co 0*82; Fe" 0 83. 

It is well known that these metals are capable of a high degree 
of ionic substitution in their salts. Magnesian minerals such 
as ortho-pyroxene and olivine commonly hold a considerable 
percentage of ferrous iron and often a little nickel (sufficient 
when concentrated by weathering to form commercial nickel 
deposits). It is possible that nickel and cobalt, as well as iron, 
were originally contained in the magnesian silicates of gabbroic 
rocks, and that they were later converted into sulphides by 
percolating solutions containing hydrogen sulphide, derived 
from the country rocks. But then the three heavy metals could 



ERUPTIVE ROCKS AND ORE DEPOSITS 


201 


hardly be set free to combine with sulphur unless the mag¬ 
nesium silicates were deeply decomposed, and in many instances 
the rock is notably fresh. 

The actual proportions of cobalt, nickel, vanadium, and 
chromium in certain magnesian rocks have been determined 
spectroscopically by R. L. Mitchell and by P. H. Lundegardh. 
Some of their data are reproduced below. 



Olivine-gabbro 

Quartz-gabbro 

Peridoiite 


Greenland 

Sweden 

Sweden 

V 

•021 

•05 

•006 per cent 

Cr 

•023 

•008 

•0005 

Co 

•007 

•004 

•02 

Ni 

•020 

•009 

•045 


To form a workable ore deposit from these trivial quantities 
of metal, dispersed through a large body of rock-magma, 
demands a remarkably efficient process of concentration. We 
have already formed the opinion that magmatic residual solu¬ 
tions do not have the necessary chemical character to transport 
and deposit sulphides of the heavy metals. Acid vapours 
escaping from the magma at places of reduced pressure may 
transport these metals in the form of chlorides or fluorides, 
but the example of Katmai shows how very small the amount 
so transported is likely to be. To explain the concentration ot 
large bodies of sulphidic ore, another mechanism must be 
sought. 

The very complete separation of matte from slag in metal¬ 
lurgical operations has suggested that exsolution of liquid 
sulphides from silicate magma may take place in nature. This 
hypothesis was first employed by A. P. Coleman to explain 
the copper-nickel ore bodies at the base of the Sudbury lopolith. 
Coleman showed that there is a direct relation between the 
thickness of the great gabbro sheet and the bulk of the ore 
bodies beneath it; and further, that the massive sulphide ore 
often occupies hollows in the floor of the intrusion, as if a heavy 
sulphide liquid had accumulated there. P. A. Wagner arrived 
at a similar explanation of the genesis of the copper-nickel ores 
in the Bushveld complex. Wagner expressed the opinion that 
“ the disseminated sulphide specks (in the norite) were in their 
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original form droplets of non-consolute iron-nickel-copper 
matte ; and that “ there is the strongest presumptive evidence 
in favour of regarding the ore-bodies as local aggregations of 
such matte droplets.” 

Further support for this hypothesis comes from D. L. 
Scholtz, who has studied the copper-nickel ores of East Griqua- 
land, South Africa. He maintains that “the ore which 
separated from the magma was concentrated in the basal zone 
by gravitational differentiation, to form pools within hollows 
and irregularities in the floor of the intrusion.” Scholtz com¬ 
puted that droplets of ore, two millimetres in diameter, would 
sink through the magma almost four times as rapidly as olivine 
crystals of the same dimensions. Still another supporter of 
the exsolution hypothesis is G. C. Kennedy, who has applied 
it to the copper-nickel deposits of Yakobi Island, S.E. Alaska. 

These observations made in different regions by Coleman 
and others almost compel us to recognize exsolution of sul¬ 
phides as a real and active process. But this view has met 
considerable opposition at Sudbury, where there is evidence 
of hydrothermal action. A more serious objection is that the 
proportion of thiophile metals in ordinary gabbro (excluding 
iron in the oxidized state) is so small that it is difficult to under¬ 
stand how the ore could be so effectively separated from the 
abundant silicate matrix by gravity alone, and why it should 
have separated in the form of sulphide rather than oxide or 
silicate. Until we have experimental evidence of the solubility 
of sulphides of the heavy metals in liquids of the composition 
of gabbroic tnagma, it will be unwise to accept exsolution of 
sulphides as a complete explanation of the iron-oopper-nickel 
ore bodies. Even if exsolution of these ores were proved, it 
would only supply part of, the answer to the problem of sul- 
phidic ore in general. It would leave the intrusive ore veins 
unexplained, especially those which contain gangue as well as 
ore. For these an explanation is still to be found. 

In 1923, J. E. Spurr abandoned all the traditional concepts 
of ore-genesis and claimed that many of the massive sulphide 
deposits have been formed by direct injection of an “ore 
magma.” He affirmed, with regard to certain Mexican de¬ 
posits, that “the ore was intrusive in a fluid but highly con- 
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centrated state, containing no more water than basic igneous 
rocks ” ; and further, that “ the Potosi veindike is the result of 
crystallization of a relatively dry and viscous ore magma.” In 
the case of the Mendota vein, in Georgetown, Colorado, Spurr 
wrote that it opens up from a mere crack to ” a strong vein one 
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Fig. 30. Horizontal section of part of the Men- 
dota vein, Colorado. Isolated lumps of granite 
are enclosed in solid ore. b, blende, c, granite. 
(J. E. Spurr.) 


to four feet wide, filled with blende (with pyrite) inclosing 
numerous angular fragments of the wall rock. . . . These 
fragments are neither rounded, corroded, nor replaced.” He 
therefore concluded that the vein was filled all at once, ” as it 
a solution froze into metallic sulphides.” 

Spurr says that the ore-magma, as he conceives it, ” is 
not the residual fluid expelled from igneous rocks during forced 
crystallization, but is a special magma developed at the deep 
zone where rock differentiation takes place. . . It is a highly 
specialized form of igneous magma.” 

At first sight, Spurr’s hypothesis does not seem to differ 
widely from that of Coleman, Wagner, and Scholtz. All four 
authorities derive an ore fluid by exsolution (or more vaguely 
by “differentiation”) from a silicate magma. But for Cole¬ 
man, Wagner, and Scholtz, exsolution took place after the 
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gabbroic magma had reached its final position and some degree 
of crystallization had occurred; whereas for Spurr the differen¬ 
tiation of the magma was deep-seated and the ore-magma foU 
lowed the silicate magma into place. Spurr wrote as follows: 
** In general the igneous rock and the specialized ore magma 
are close together in depth, so that the first adjustment frac¬ 
tures of the consolidating intrusive tap the latter ” {i.e,, the 
ore magma). It may be possible to harmonize these conflict¬ 
ing views, but only Spurr is in a position to do so. 

A further elaboration of the ore-magma concept has given 
us the “ abyssal theory,** according to which the separation of 
ore from silicates took place when the earth was cooling down 
from the liquid stage of its development. C. H. White con¬ 
tends that “ the ores of the heavy metals for the most part were 
depressed to abyssal depths before a solid crust was formed, 
and were later carried up and deposited in the crust when it 
was fractured by earth movements.’* White’s idea seems to 
combine V. M. Goldschmidt’s, concept of a zone of sulphides 
and oxides, lying between the lithosphere and the iron core of 
the earth, with Spurr’s theory of intrusive ore-magmas. 

It is unprofitable to discuss what may happen in abyssal 
depths, but one is left wondering how a dense ore-magma could 
be raised from such great depths to the upper levels of the litho¬ 
sphere. Goldschmidt’s sulphide-oxide zone was supposed to 
lie seven to eight hundred miles beneath the earth’s surface, 
and most geologists have assumed a thickness of this order for 
the silicate shell of the earth. 


Conclusion. 

We have seen that there is ample support, from the chemis¬ 
try of rock magmas, for the claim that ores of tin, tungsten, 
tantalum, beryllium, and other lithophile elements are derived 
from bodies of eruptive magma. But in the case of the thio- 
phile elements, evidence of this nature is scanty and uncon¬ 
vincing. The small amount of direct evidence that we possess 
indicates that the solubility of the thiophile metals, in silicate 
magmas containing sulphide ions, is very slight; and that 
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the residual aqueous solutions from these magmas are incap¬ 
able of transporting the sulphides of the heavy metals in 
appreciable amount, Graton’s conclusion that sulphidic ore 
deposits do not come through the pegmatite lineage seems to 
be fully justified. Transport by acid vapours may account 
for some relatively small bodies of epithermal ore, but this 
explanation is not applicable to the much more extensive hypo- 
thermal deposits. Exsolution of sulphidic ore in liquid form, 
from magmas of gabbroic composition, is supported by strong 
field evidence; but this process does not seem capable of afford¬ 
ing an explanation of all sulphidic deposits. Experimental re¬ 
search on the behaviour of metallic sulphides in hydrous silicate 
melts is greatly needed; without it, many of the claims that 
have been made about the magmatic origin of sulphidic ores 
must be held to lack adequate backing. 
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** Die Petrographie ist die Urkundenlehre der Erd- 
geschichte, und somit eine historische^ nicht eine lediglich 
beschreibende Wissenschaft. Hierin liegt es bedingt, dass 
eine naturliche Systematik der Gesteine historisch, d. h, 
geneiisch sein muss ,''— H. Rosenbusch. 


CHAPTER XIII 

THE CLASSIFICATION OF ERUPTIVE ROCKS 

Classification begins when people give names to things. 
When certain rocks, such as basalt, porphyry, and granite 
were given these distinctive names to mark certain differences 
in their appearance, the classification of rocks was set afoot. 
This kind of classification is what John Stuart Mill calls “a 
mere incidental effort consequent on the use of names,” and 
because popular names are generally given to things in a very 
loose way, without careful discrimination, so the resulting 
classification is a very imperfect thing. We shall find it con¬ 
venient to refer to it as a classification of the first kind. 

At a later day, when the objects attract the critical atten¬ 
tion of science, another kind of classification becomes neces¬ 
sary, in which the most suitable grouping of the objects is the 
first consideration, and the naming of them is a secondary 
matter which is governed by the grouping. This we may call 
a classification of the second kind. C)f this kind of classifica¬ 
tion, Mill says 

** Classification, thus regarded, is a contrivance for the best possible 
ordering of the ideas of objects in our mind; for causing the ideas to 
accompany or succeed one another in such a way as shall give us the 
greatest command over our knowledge already acquired, and lead most 
directly to the acquisition of more.” 

“ The general problem of classification, in reference to these pur¬ 
poses, may be stated as follows : To provide that things shall be thought 
of in such groups, and those groups in such an order, as will best conduce 
to the remembrance and to tl^ ascertainment of their laws.” 

** The ends of scientific classification are best answered when the 
objects are formed into groups respecting which a greater number of 
general propositions can be made, and those propositions more important, 
than could be made respecting any other groups into which the same things 
could be distributed.” 

Now petrography has a highly developed classification of 
the first kind, for more than six hundred distinct names (not 
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counting compound names) have been given to eruptive rocks 
to mark minute points of difference between them, and new 
names are still being coined at the rate of ten or twelve a year. 
But of the way in which this classification has grown up, it has 
been said with entire justice that ** the method of petro- 
graphers in proposing names, so far as any method is dis¬ 
coverable, is to give an independent name to each rock which 
is slightly different from any previous rock found, without 
reference to any definite plan of nomenclature.*’ (C. R. van 
Hise.) 

To emphasize petty differences between one rock and 
another, while ignoring fundamental points of resemblance, is 
the very antithesis of classification. It is proper to establish 
varieties within an accepted framework, but to set up a multi¬ 
tude of so-called species without regard to any framework at 
all is simple anarchy. 

To make matters worse, the names that have been longest 
in use, which were in the beginning mere popular names of 
the loosest kind, based on colour and other trivial characters, 
have gradually acquired a kind of sanctity and have dominated 
all attempts at classification, instead of the classification domi¬ 
nating the names. Some of our most used names, like granite, 
syenite, porphyry, obsidian and basalt are of great antiquity; 
others including gabbro, diabase, diorite, trachyte and phono- 
lite date from the beginning of the nineteenth century, when 
geology was still undecided whether such rocks had been 
formed by fire or by water. The names have sometimes 
changed their meaning, but through all changes they have 
persisted and have dominated every attempt at classification. 

If we wish to set up a classification of the second kind, to 
take the place of the disorderly rabble of names that passes for 
a classification now, we must first resolve that we will not 
allow ourselves to be dominated by names. If an existing 
name, indicating a supposed “species” of rock, cannot be 
made to conform to the boundaries of a new and well reasoned 
classification, it is not to be assumed that the method of classi¬ 
fication is wrong. It is much more likely that the name is 
wrong, in the sense of having been given without due dis¬ 
crimination between like and unlike or essential and inessential. 
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But it is not only against ill-defined rock names that we 
have to be on guard; it is no less necessary to protect our¬ 
selves against premature and ill-conceived hypotheses about 
primordial magmas, magmatic differentiation, consanguinity, 
petrological affinity, and similar rigmarole. We shall make 
no progress in understanding and classifying rocks until we 
cast all such speculative lumber overboard, along with the 
belief that every rock name defines a “ natural species.** 

In the quotation which we have placed at the head of this 
chapter, H. Rosenbusch affirmed that a natural system of rocks 
must be historical, that is, genetic. With this we agree, but 
add that it must be based on the facts of rock genesis and not 
on any hypothesis. The genesis of an eruptive rock is the 
cooling-history of a rock-magma. It follows that the character 
of a rock is determined by the chemistry of the magma, the 
physical conditions under which crystallization took place, and 
the stability-relations of the rock-forming minerals; in short, 
the problems of petrology are problems of physical chemistry. 
The classification of rocks must therefore be based on physical 
chemistry, as far as our slender knowledge permits. 

Now the chemistry of a rock-magma can never be the sub¬ 
ject of direct study; we must be content to deduce what we can 
from the chemistry of the rocks formed by it. The physical 
conditions can only be studied directly in the case of surface 
magma; for deep magma we have to rely upon deductions from 
the texture of the rock and its geological environment. But 
the minerals formed in the course of crystallization can be 
observed directly, and their stability-relations can be ascer¬ 
tained partly by microscopic study and partly by experiment 
in the laboratory. 

We must now inquire what help we can derive from the 
chemical analysis of rocks, from their texture, their geological 
environment, and their mineralogical composition, in the 
attempt to set up a genetic or physico-chemical classification of 
eruptive rocks. 

The Use of Chemical Analysis in Classification 
It is often assumed that the bulk analysis of an eruptive 
rock indicates the composition of the magma from which that 
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rock crystallized, save for the loss of an insignificant propor¬ 
tion of water and other fugitive constituents. Those who make 
this assumption close their eyes to such possibilities as the 
sinking or flotation of early-formed crystals in the magma; the 
separation of residual liquid by earth-pressure or gas-stream¬ 
ing; the marginal assimilation of country-rock; and hydros 
thermal reactions such as albitization. We have already dis¬ 
cussed these processes and have found them to be so important 
as to justify the claim that the composition of an eruptive rock 
must often be very different from that of the magma that gave 
birth to it. If any further illustration of this truth is required 
let us turn to F. F. Grout’s account of the differentiated sill at 
Pigeon Point, Minnesota. This sill is believed to have been 
injected as a homogeneous basaltic magma, yet from this 
magma there wefe formed both olivine-gabbro and a red rock 
of granitic composition. Chemical analysis of these rocks 
shows how greatly they differ from each other, and how both 
differ from the intermediate rock which perhaps corresponds 
more closely to the parent magma. 



Olivine 

Intermediate 

Red Rock 

SiO, 

gabbro 

Rock 

{Granite) 

49-88 

57-98 

72-42 

A1,0, 

18-55 

13-58 

13-04 

FejO, 

2-06 

3-11 

•68 

FeO 

8-37 

8-68 

2-49 

MgO 

5-77 

2-87 

•58 

CaO 

9-70 

2-01 

•66 

Na^O 

2-59 

3-56 

3-44 

K^O 

-68 

3-44 

4-97 

TiOa 

1-19 

1-75 

•40 

Rest 

1-31 

293 

1-65 


100-10 

9991 

100-33 


Even if future investigation should show that the red rock 
at Pigeon Point is slightly younger than the gabbro, like the 
red rock at Sudbury, that would not invalidate the conclusion 
drawn here, for the two rocks are so intimately associated that 
one can hardly doubt their common origin. 

There are certain deep-seated rocks that are composed 
almost entirely of a single mineral such as olivine, hypers- 
thene, or lime-rich plagioclase. No lavas of similar com- 
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position have ever been disooveredi and the reason is simply 
that the melting points of the minerals mentioned are well 
above the normal range of magmatic temperature. It seems to 
be beyond dispute that these rocks were not formed from 
magmas of their own composition. There are even rocks com¬ 
posed of almost pure chromite, which has its melting point in 
the neighbourhood of ISSO** C. ,* it is inconceivable that these 
rocks crystallized from a magma of their own composition. 

Whenever one finds a porphyritic rock with insets so 
large and so numerous that they would cause the chemical 
composition of the rock to differ widely from the average com¬ 
position of rocks containing the same association of minerals, 
then there is reason to suspect enrichment by settling or 
flotation of crystals. This applies to plagioclase-rich basalts 
such as the “Porphyritic Central*’ type in the Hebrides; to 
olivine-rich basalts such as the “ chrysophyres** of Hawaii; to 
augite-rich rocks such as the “ augitites ** of Kenya; to leucite- 
rich rocks such as the “italite“ of the Alban Hills; and to 
many orthoclase-rich porphyries. The bulk composition of 
any one of these rocks must be very different from that of the 
magma that gave birth to it. 

But if the chemical composition of a rock is no reliable 
guide to the fixed constituents of a magma (and it is certainly 
none to the fugitive constituents), then it must follow that 
chemical analysis does not provide a suitable basis for the 
genetic classification of rocks. It is simply misleading to refer 
a rock to a particular “ magma-type “ on the basis of chemical 
analysis alone. Only the most direct and complete field- 
evidence can put us in a position to correlate a particular rock 
with a particular magma. 

Not only does the bulk analysis of a rock tell us little of 
the magma from which that rock crystallized, but it fails even 
to indicate the mineralogical composition of the rock itself. 
This is convincingly shown by the two analyses given below. 
Except for a small difference in silica content the two analyses 
are remarkably similar, yet one of the analyzed rocks is a 
hornblendite containing more than ninety per cent of horn¬ 
blende, and the other a dolerite composed of plagioclase, augite 
and olivine. The figures are taken from Washington’s Tables. 
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A 

B 

SiOji 

44-78 

42-58 

A1,0, 

9-38 

9-58 


4-51 

4-97 

(Fe,Mn)0 

9-60 

10-47 

MgO 

16-85 

16-97 

CaO 

10-85 

11-54 

Na^O 

2-24 

2-01 

K^O 

•20 

•54 

TiOa 

•74 

•94 


On the other hand, if the mineralogical composition of a 
rock is acurately known, it is possible to arrive at its chemical 
composition by simple computation. As an illustration of the 
degree of success which is attainable in this matter, we shall 
quote an investigation by J. P. Iddings of the granite of Butte, 
Montana. The minerals present in the rock are quartz, ortho- 
clase, plagioclase, biotite, hornblende, pyroxene, magnetite, 
pyrite; and their proportions were determined by the method 
of linear measurement of thin sections. The average composi¬ 
tion of each mineral is known; multiplying this in each case 
by the quantity concerned, Iddings estimated the chemical 
composition of the granite to be as in Column I. An actual 
chemical analysis of the rock, by H. N. Stokes, is quoted in 
Column II. 


I 


SiO. 

Calculated. 

64-83 

ai ,63 

16-42 

Fepa 

1-48 

FeO 

2-39 

MgO 

2-01 

CaO 

4-35 

Na^O 

2-97 

K,0 

4-11 

h;o 

•67 

Rest 

•70 


99-88 


II 

Determined by Analysis. 

64-34 

15-72 

1-62 

2-94 

2-17 

4-24 

2-76 

4-04 

1-01 

-97 


99-81 


This is an extremely good agreement; much better, it must 
be said, than could be expected in every case. It shows that 
it is possible to deduce the chemical composition of a rock 
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from its mineralogical composition much more accurately than 
one can perform the reverse operation of deducing the 
mineralogical composition from a chemical analysis of the rock. 

It will be instructive to see how the results of chemical 
analysis are epiployed in the two best-known chemical classi¬ 
fications of rocks. In the Norm system of Cross, Iddings, 
Pirsson and Washington, the oxides are recalculated into 
simple mineral molecules, which are either actual rock-forming 
minerals or else end-members of the great ionic substitution 
series. Thus plagioclase feldspar is represented in the norm 
by albite, anorthite, and minor quantities of orthoclase and 
nepheline; augite appears as hypersthene, diopside, acmite 
and corundum; hornblende is represented by the same mole¬ 
cules as augite; and biotite by orthoclase, olivine and corun¬ 
dum or hematite. What the norm system does, in effect, is to 
take the complex solid solutions apart and exhibit their 
hypothetical components separately. The norms of the two 
analyses A and B given on page 211 are as follows:— 


A B 

orthoclase 1*11 8*84 

albite 11*00 8*14 

anorthite 15*00 15*57 

nepheline 4*26 7*88 

diopside 31*04 81*10 

olivine 28*76 29*42 

magnetite 6*50 7*19 

ilmenite 1*87 1*82 

apatite — 1*01 


In the case of rock B the molecules of orthoclase, albite, 
and most of the anorthite that appear in the norm are actually 
present in the rock in the form of plagioclase. The normative 
nepheline corresponds perhaps to soda-anorthite in the plagio¬ 
clase, since no nepheline actually appears in the rock. Norma¬ 
tive diopside corresponds closely to augite in the rock (although 
the alumina which is always present in small quantity in augite 
has been allotted to anorthite in the calculation); and olivine 
and iron-ore are actual minerals of the rock. In this case 
the norm gives a fairly close representation of the actual 
mineralc^ical composition (called the mode) of the rock. 
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The position with regard to rock A is entirely different. 
The actual mineralogical composition of this rock is as follows : 
hornblende 91-3, olivine 3*6, iron-ore 6T per cent. It is clear 
that the norm entirely fails to express the true mineralogical 
character of this rock, and does not help us either to form a 
picture of the rock or to understand its genesis. Rock A 
(hornblendite) must have had a totally different cooling-history 
from rock B (olivine-dolerite), yet this supremely important 
aspect of the subject is ignored in the norm classification. To 
discuss rocks in terms of ultimate chemical composition with¬ 
out reference to their actual mineralogical development is to 
discuss a chemical system in terms of its components and 
ignore the phases; it is to reject physical chemistry in favour 
of mere arithmetic. 

As a method of recording chemical data, of checking 
mineralogical data, and as a means of comparing crypto¬ 
crystalline and glassy rocks with holocrystalline ones, the norm 
system has a great and obvious value; but there its usefulness 
ends. It is incapable of throwing any light on the cooling- 
history of a rock. 

Another chemical classification of rocks that is widely used 
is that of Paul Niggli. In this system the proportions by 
weight of the various oxides are converted into molecular num¬ 
bers, as in the Norm system, but they are not subsequently 
built up again into mineral molecules. Instead, the various 
oxides are thrown into four groups as follows:— 

AI 2 O 3 +Cr 20 j +rare earths; 

FeO -f FcjOj +MnO + MgO; 

CaO + BaO + SrO; 

Na20 + K2^ “h > 

The sum of the molecular numbers of all these oxides having 
been brought to 100, the four groups are represented respec¬ 
tively by the symbols aZ, fm, c, and alk. The molecular num¬ 
ber of silica is then reduced in the same proportion as that of 
alumina and is represented by si. Further, the symbol k is 
used for the proportion of K 2 O in alk, and mg for that of 
MgO in fm. The advantage of this procedure is that mole¬ 
cular ratios are retained and used as the basis of comparison 
instead of percentages by weight. 
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The two rocks that we have already discussed have the 
following Niggli symbols :— 



si 

al 

fm 

c 

elk 

k 

mg 

Rock A .. 

. 79-5 

9-7 

65 

21 

4-1 

•05 

69 

Rock B ... 

. 73 

9-7 

65 

21 

3-8 

•16 

•67 


For the purpose of classification, Niggli (1) set up 67 arbi¬ 
trary “magma-types** to which rocks might be compared; 
afterwards (2) this number was increased to 183. Searching 
among these magma-types for one to which rocks A and B may 
be referred, we find that no less than three come into question, 
namely:— 


St 

Hornblenditic type ... ... 80 

Hornblende-peridotitic type ... 80 

Pyroxenitic type . 90 


al 

fm 

c 

alk 

k 

mg 

15 

60 

20 

5 

f 

c 

0-6 

10 

74 

14 

2 

0-7 

9 

59 

28 

4 

c 

V) 

0-7 


The value for c favours the first type, al favours the second, 
and alk the third; the remaining values are indecisive. -Having 
brought us so far by exact quantitative methods, Niggli now 
abandons methods of precision in favour of bare opinion and 
leaves us to choose for ourselves. Neither from the “ Niggli 
values** nor from the indicated “magma-type** do we learn 
anything definite about the composition of the magma, any¬ 
thing about its cooling-history, or anything about the actual 
mineralogical composition of the rock that is to be classified. 
In short, Niggli*s system is no more successful than the norm 
system in enabling us to make any useful deductions about the 
genesis of the rock. 

We must therefore conclude that the chemical analysis of 
rocks does not afford that harvest of “ important general pro¬ 
positions ** of which we are in search. This does not mean 
that the chemical composition of rocks has no value in classi¬ 
fication. It is hardly possible to study cryptocrystalline and 
glassy rocks without the aid of chemical analysis, and even in 
the case of holocrystalline rocks the phases can seldom be 
completely determined without that aid. But it is evident that 
chemical analysis alone can never provide a basis for the 
genetic classification of rocks. Its real value is to supplement 
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the evidence ^iven by the microscope, and to investigate the 
composition of cryptocrystalline and glassy rocks. 

The Use of Texture in Classification 

The physical conditions that obtained during the crystal¬ 
lization of a magma are deducible to a certain extent from the 
texture and the geological environment of the rock. The 
temperature at the moment of intrusion, or at the beginning 
of crystallization, can often be judged by the “geological 
thermometer** method (Chapter IV). The viscosity of the 
magma and the rate of cooling leave their impress in the tex¬ 
ture of the rock; and the order of crystallization is also re¬ 
corded in the texture. The correct interpretation of texture is 
therefore a very important factor in classification. 

Whitman Cross has shown that texture involves three 
distinct factors, which he defines as: 

(1) Crystallinity, or the degree of crystallization; 

(2) Granularity, or the magnitude of the crvstals; 

(3) Fabric, or the shape and arrangement of the crystals. 
As regards crystallinity and granularity, it is well known that 
some rocks are wholly glassy while many rocks consist partly 
of crystals and partly of glass. The crystalline rocks differ 
among themselves as regards the magnitude of their crystals, 
some being composed of crystals from an inch to a foot in 
diameter, while others, which are just as completely crystal¬ 
lized, have individual crvstals so small as to require a micro¬ 
scope for their recognition. In other cases still the ground- 
mass of a rock appears to be structureless, yet its behaviour 
towards polarized light shows that it actually consists—in part 
at least—of sub-microscopic crystals. 

Both field and laboratory evidence demonstrate that high 
crystallinity and high granularity are favoured by slow cool¬ 
ing and by the presence of fluxes, while deficient crystallinity 
and a low degree of granularity may be due either to rapid 
cooling or to the loss of fluxes, or to both causes combined. 
Rocks of coarsest grain are accordingly found in large intrusive 
masses, but also in smaller masses where fluxes were abundant, 
such as pegmatite veins. Fine grain is characteristic of small 
intrusions and marginal facies, and of lava flows, from which 
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the loss of heat and of fluxes has been comparatively rapid. 
The glassy and partly glassy rocks are found only in lava 
flows, narrow dykes, and the selvages of dykes, where cool¬ 
ing and loss of fluxes occurred too rapidly for crystallization 
to set in. 

Here we have generalizations of some importance, based 
on a set of obvious characters, and justifying the long-estab¬ 
lished separation of the plutonic rocks (which crystallized deep 
down in the crust, and have only reached the surface in conse¬ 
quence of prolonged erosion of overlying strata) from the 
volcanic rocks which were poured out on the surface. H. 
Rosenbusch went beyond this, and set up a third group of 
** dvke-rocks (Ganggesteine) characterized by textures inter¬ 
mediate between those of the former groups. But since every 
known variety of texture, from the most coarsely crystalline to 
the completely glassy, is to be found among rocks that occur 
in the form of dykes, it is clear that this procedure cannot be 
followed without abandoning the correlation between texture 
and physical conditions which distinguishes the plutonic and 
yolcanic groups. So long as we maintain, as Ferdinand Zirkel 
did, two textural groups only, then we can establish definite 
and important propositions concerning them; but for purely 
petrographical Purposes (as distinct from geological purposes) 
there is no justification for the erection of a separate group of 
dyke-rocks which share the characteristics of the former groups 
but have no features peculiarly their own. 

With regard, then, to crystallinity and granularity it is 
clearly desirable to distinguish two great groups of rocks, the 
first of which includes all deep-seated rocks and the more 
coarse-grained dyke-rocks, while the second embraces all 
microcrystalline, cryptocrystalUne, and glassy rocks whether 
they occur in minor intrusions or in lava-flows. For 
geological purposes we may speak of these as the Plutonic and 
the Volcanic groups (Tiefengesteine and Ergussgesteine of 
Rosenbusch), but these names introduce a hypothesis of 
origin which is not always justified. Not all coarse-grained 
rocks are plutonic, nor all ill-crystallized rocks volcanic in the 
literal sense. Zirkel described the two groups in terms of 
texture alone, as 
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(a) gleichmassig-kornig (uniformly granular). 

(b) porphyrisch und glasig (porphyritic and glassy). 
This is the logical method. The rather cumbersome German 
adjectives may be replaced without any change of meaning by 
eucrystalline (well-crystallized) and dyscrystalline (ill-crystal¬ 
lized, either relatively or actually.). 

A special importance has sometimes been assigned in 
classification to the porphyritic texture, for it has been sup¬ 
posed that the large crystals (insets) in porphyritic rocks were 
formed when the magma was deep down in the crust and the 
temperature and pressure were higher than at the time the 
groundmass crystallized. It is certainly true that lava flowing 
from the crater of a volcano sometimes contains ready-formed 
crystals, such as the large leucite crystals in some of the lavas 
of Vesuvius. There is no need, however, to suppose that the 
insets were formed under very different conditions from the 
smaller crystals which grew later, because the rate of growth 
of some minerals (including leucite) is rapid, and the early 
formed crystals, being few in number, are most favourably 
situated for attaining a large size. L. V. Pirsson has brought 
forward some strong field evidence against the idea of the 
deep-seated origin of insets, and N. L. Bowen has shown 
experimentally that perfectly continuous crystallization may 
give the appearance of crystallization in two generations. The 
first-formed crystals grow rapidly until a period is reached 
when the increasing viscosity of the magma, or the degree of 
undercooling, causes new centres of crystallization to appear 
in large numbers. When the whole mass has frozen there 
will be a few large insets and a multitude of small groundmass 
crystals, although crystallization has been continuous and the 
pressure has not changed. On the other hand, we have seen 
that some of the most striking examples of porphyritic texture 
have been formed by sinking or flotation of early-formed 
crystals, which are therefore strangers to the environment in 
which we see them. 

The real importance of the porphyritic texture, in relation 
to classification, appears in the interpretation of the order of 
crystallization. It is in this connection, too, that the study of 
fabric, or the shape and arrangement of the crystals in rocks, 
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acquires its chief significance. We discussed the order of 
crystallization at length in Chapter VII, and found that the 
interpretation of the sequence of events in any rock is often 
a matter of grave doubt and difficulty. There are virtually 
only three rules for our guidance, which we may summarize 
as the rule of enclosure, the rule of idiomorphism, and the 
rule of relative sizes; and all of them are subject to exceptions. 

It is a simple matter to determine the order of crystalliza¬ 
tion in an artificial melt. The ‘procedure is to make a mixture 
of the desired composition and heat it to such a temperature 
that it is entirely liquid; then cool it to a prearranged tempera¬ 
ture, hold it there for some time, and quench it suddenly. The 
cold solid, consisting of crystals and glass, is studied under the 
microscope and the crystalline phases are identified by their 
optical properties. When this procedure is repeated at various 
temperatures it becomes possible to fix the precise tempera¬ 
ture at which each phase begins to form, and the order in which 
the various phases succeed one another. 

Nature has made a few such quenching experiments for 
us, but far too few. Rocks composed of glass with only a few 
crystals are fairly common in the highly siliceous group, but 
scarcer and scarcer as we pass to groups of lower silica content. 
A comparison of the chemical composition of 124 glassy or 
partly glassy rocks cited in H. S. Washington’s Tables has 
shown that 86 per cent of these are leucrocratic, 88 per cent 
are oversaturated with silica, and only 11 per cent show a 
deficiency of silica. Furthermore, the study of natural rock- 
glasses is complicated by the products of gas-reactions, which 
yield unstable phases such as tridymite and cristobalite, and 
also by devitrification of the glass at atmospheric temperature. 

As long ago as 1887, A. Lagorio made a study of the com¬ 
position of the glassy base of a large number of lavas and 
dyke-rocks. He was able to establish the approximate rule that 
in rocks of moderate acidity (about 56-56 per cent of SiOa) the 
glass base is more acid than the entire rock, whereas in very 
acid rocks the base is less acid than the rock. In other words, 
quartz crystallizes early from highly siliceous magmas and later 
from those of lower acidity. J. H. L. Vogt gives similar data. 
He finds that in dacites, trachytes, rhyolites and quartz^ 
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porphyries with not more than 72 per cent, of total silica, the 
^lass base is invariably more acid than the whole rock. When 
the percentage of silica is about 73 to 76, the gflass base has 
about the same acidity as the whole rock. A few very acid 
porphyries, with more than 75 per cent of total silica, have 
more quartz among: the insets than in the gfround mass, in¬ 
dicating: earlv crystallization of quartz. 

It would seem to be established by the observations of 
Lag:orio and Vog:t that the boundary between the quartz field 
and the field of soda-potash feldspar in these acid lavas lies 
in the neie:hbourhood of 74 per cent of silica, varyine a little 
according: to the composition of the feldspar. It is easy to 
test this conclusion. For instance, a porphvritic g:lass from 
Fifeshire, Scotland, which was examined bv the writer and 
analyzed by one of his students, shows a few insets of sodic 
plaarioclase but none of quartz. The deduction is that the 
composition of the mag:ma lay on the feldspar side of the 
boundary. Analysis showed SiO^=68*26 per cent. 

Another porphyry, from Robertson, South Africa, has 
larg:e insets of potassic feldspar and smaller ones of quartz. 
Apparently feldspar beg:an to crystallize before quartz, so the 
initial composition of the mag:ma must have lain in the feldspar 
field. An unpublished analysis by D. L. Scholtz showed 
Si02 = 69*47 per cent. 

A third porphyry, from Saldanha Bay, South Africa, has 
insets of feldspar and quartz which are almost equal in number 
and size. This sug:g:ests simultaneous crystallization of the 
two phases from a mag:ma with about 74 per cent of silica. 
Analysis showed Si02 = 74*82 per cent. 

Nevertheless, the validity of such deductions about th^ 
order of crystallization is none too certain. Minerals differ in 
rate of g:rowth, so the observation that the feldspar insets are 
big:g:er than the quartz insets is not a conclusive demonstration 
that feldspar beg:an its crystallization before quartz. H. A. 
Powers records that out of 15 acid lavas, so siliceous that their 
composition would take them into the “ quartz field ’* of Vog:t, 
twelve contain varying: amounts of both quartz and feldspar 
insets; but in spite of Vog:t’s rule, three of the rocks hold 
feldspar insets without any of quartz. 
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Passing from acid to basic lavas, we find that T. F. W. 
Barth has tried to establish the position of the ootectic surface 
between the plagioclase field and the pyroxene field in basalts, 
and that he has proposed a formula connecting the order of 
crystallization with the chemical composition of the lava. If 
the correctness of Barth’s formula should be established, it 
might enable us to distinguish between basalts formed by 
normal crystallization in the plagioclase field or the pyroxene 
field, and basalts which have undergone enrichment with 
plagioclase or pyroxene by gravitational differentiation. 

Deductions drawn from the observation of the order of 
crystallization in lavas and porphyries are not necessarily 
applicable to coarse-grained rocks. It is well known that 
quartz, although it crystallizes early from many acid lavas, is 
generally one of the last phases to crystallize in granites, 
Idiomorphic crystals of quartz which may have crystallized at 
a relatively early stage are found especially in the “ Rapakiwi ” 
type of granite. Many of these rocks contain more than 74 per 
cent of silica, but in some of them the proportion of silica falls 
to 68 per cent and even lower. 

It should now be apparent that the order of crystallization 
is a character of first-rate importance in the interpretation of 
the cooling-history of a magma, and for that reason most 
deserving of recognition in the classification of rocks. But it 
is equally apparent that we are not yet in a position to employ 
this character confidently and consistently. It is perhaps in 
this direction more than any other that the classification of 
rocks is likely to progress in the future. 

The Use of Mineralogical Composition in Classification 

We have seen that the chemical analysis of a rock can 
tell us little or nothing of its cooling-history. The genesis of a 
rock is not a question of what might have happened but of 
what did happen. Something can indeed be learned from the 
study of texture, but then texture has no meaning apart from 
the minerals that show it. Thus there is no escape from the 
conclusion that the actual mineralogical development is the 
only possible basis for the frenetic classification of rocks. Of 
course rocks may be studied from other points of view than 
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that of genesis—^as structural elements of the lithospherCi as 
storehouses of the chemical elements, or just as building stones 
—and for every viewpoint there is an appropriate classitication; 
but scientific petrology has no concern with these. The 
petrologist sees eruptive rocks as the end-products of a long 
series of chemical reactions and physical transformations, and 
he tries to elucidate these and express them in a classification 
which is appropriate to his point of view. The keynote of this 
classification must be physical chemistry. 

Although the classification of a rock must be based on the 
minerals actually present in it, yet it is not to be supposed 
that all minerals are equally important for this purpose, or 
even that the importance of a mineral is in proportion to its 
abundance in the rock. The importance of any mineral tor 
the purpose of classification depends upon the information we 
can extract from it about the cooling-history of the system. A 
mineral with a wide range of stability, such as orthoclase or 
an intermediate plagioclase, tells us very little about this 
matter; whereas some of the less common minerals such as 
leucite, olivine and tridymite are highly informative even when 
they are present only in trifling quantity. It is certain that 
too much importance has been attached in the past to the very 
stable feldspars, and too little to certain other minerals which 
are more significant of the cooling-history of the magma. 

In our study of the geological thermometer we found that 
quartz, tridymite, leucite, hornblende, olivine, acmite and 
biotite all tell us something of the temperature of the magma 
during the crystallization period; and even of fluctuations in 
the temperature, as when hornblende or biotite is formed and 
afterwards undergoes dissociation. 

From the study of assimilation we learn that melanite, 
vesuvianite, scapolite, melilite, cancrinite and perhaps 
nepheline too, are indicative of the contamination of a magma 
by assimilation of limestone. Similarly corundum (sometimes), 
andalusite and cordierite indicate contamination by assimilation 
of aluminous sediments, and so perhaps does hypersthene. It 
has been said that ‘‘ if there were not so many slates there would 
not be so many norites.” 

We have learned from experiment in the crucible that some 
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minerals are pyrogenetic—that is, they will crystallize readily 
from anhydrous silicate melts without any flux—whereas others 
can only be induced to crystallize in the presence of water or 
some other substance of low melting point which acts as a flux. 
Many of the hydatogenetic minerals have a constant proportion 
of hydroxyl groups in their atomic framework, which points to 
a relatively high concentration of hydroxyl ions in the magma 
at the time these minerals crystallized. Similarly those 
minerals that contain fluorine, boron, beryllium, lithium, zir¬ 
conium, cerium and other rare elements must have crystallized 
out of a residual magma or solution in which these scarcer 
elements had become concentrated towards the end of a long 
crystallization period. 

We know, too, that the rock-forming minerals fall into two 
groups on the basis of their compatibility or incompatibility 
with excess of silica under magmatic conditions. Thus the pre¬ 
sence of unsaturated minerals such as leucite, nepheline or 
melilite affords information which is indispensable for the 
understanding of the chemical reactions that went on in the 
magma. 

It follows that from the mineralogical composition of a 
rock we can deduce something of the temperature of the magma 
at the beginning or end of the crystallization period; some¬ 
thing of the concentration of the fugitive constituents during 
the same period; something of the ratio of silica to metallic 
oxides in the magma; also something of the fluctuations in each 
of these factors; and something of the extent to which the 
magma has been contaminated by reaction with its walls. 

When we have information of this character at our dis¬ 
posal, why should we continue to classify rocks on the basis 
of an arbitrary ratio of orthoclase to plagioclase, or of albite 
to anorthite? Whether the plagioclase in a rock contains 45 
parts of albite or 55 parts of albite tells us little of the genesis 
of the rock or of its history. It is much more important to 
know whether the rock contains augite or hornblende, and 
whether olivine is present or not. 

It is often said that “ there are no natural ooundaries 
between one igneous rock and another.*’ This astonishing 
misstatement is made even by people who must be fully aware 
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of the incompatibilities between quartz and feldspathoids, 
quartz and olivine, enstatite and feldspathoids, and other in¬ 
compatibilities which we discussed in Chapter VIII. What 
better or more natural boundaries could there be than these 
mutual exclusions, which are the visible expression of phase- 
boundaries in the magma-system ? 

The nature and the significance of a phase-boundary are 
made clear by Fig. »S1, which represents the conditions of 



Fig. 31. Phase-boundaries in the system MgO—SiOj. (Bowen and 
Andersen.) 


equilibrium in the system MgO-SiOa (after Bowen and 
Andersen, with a,slight simplification). The melting-curve of 
this system shows four interruptions, at about 38, 43, 60 and 
65 per cent of silica. The first of these breaks corresponds to 
the eutectic between periclase and forsterite, the fourth to the 
cristobalite-enstatite eutectic. The break at 43 per cent of 
silica is a phase-boundary between enstatite and periclase, for 
on one side of this boundary enstatite cannot be formed and on 
the other side periclase is not a possible phase. Similarly the 
break at 60 per cent of silica indicates a phase-boundary be¬ 
tween forsterite and cristobalite. These two phase-boundaries 
divide the field completely into three natural regions, within 
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each of which certain phases are possible and certain other 
phases impossible when the system is in equilibrium. 

The eutectic points also divide the field into three regions, 
but the middle region (from 38 to 66 per cent of silica) does not 
have a definite composition in terms of minerals, since peri- 
clase, forsterite, enstatite and cristobalite are all possible in 
some portion of this region. Thus for the purpose of classifica¬ 
tion the phase-boundaries are more useful than the eutectic 
points since they enable us to effect a precise correlation 
between chemical composition and mineralogical development. 

In rocks there are probably no eutectic points, but there 
are phase-boundaries which form natural dividing lines. A 
petrology based on the stability or instability of particular 
phases in particular associations offers a prospect of “ im¬ 
portant general propositions’* connecting mineralogy and 
chemistry, such as no other kind of classification has yet been 
able to supply. 
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The fur pose of classification is not to set forth fnal and 
indisputable truths hut rather to aford stepping-stones 
toward better understanding, —L. C. Graton. 


CHAPTER XIV 

A SYSTEM OF PETROGRAPHY 

Our immediate task, arising out of the discussion in the last 
chapter, must be to show how rocks can be grouped in such a 
way that each group will convey the greatest possible amount 
of information about the physical and chemical history of the 
magma-system. We must distinguish between characters of 
fundamental importance from the standpoint of physical 
chemistry, and characters which have no more than a descrip¬ 
tive value; and we must subordinate the latter to the former. 
We shall proceed therefore by discussing first the primary or 
physico-chemical basis of classification, and afterwards the 
secondary or descriptive basis. 

The Primary or Physico-Chemical Basis of Classification 

( 1 ) 

The first step should be, as in Zirkel’s day, the separa¬ 
tion of eucrystalline from dyscrystalline rocks. There is no 
natural dividing-line between these two groups, but an arti¬ 
ficial boundary may be drawn at the limit of visibility with 
the unaided eye or with a simple hand-lens. Any rock in 
which the grains of the essential minerals are too small to be 
seen individually without the help of the microscope is 
dyscrystalline. In the case of a porphyritic rock the criterion 
is to be applied to the groundmass. The smallest quantity of 
a glassy base puts the rock in the dyscrystalline division. 

The following general propositions may be stated regard¬ 
ing these two great groups of rocks. 

Eucrystalline rocks. The pressure upon the magma was 
high, but the temperature at the time of intrusion, as judged 
by the geological thermometer method, was generally less than 
800® C. The rate of cooling was slow, hence the crystallization- 
period was prolonged. Loss of dissolved gases was also slow, 
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SO the liquid phase, as crystallization advanced, was progres¬ 
sively enriched with fugitive constituents; thus crystallization 
was complete and it was concluded at a comparatively low tem¬ 
perature. In the final stages the concentration of water was so 
high that the period of magmatic crystallization was sometimes 
followed by a period of hydrothermal (deuteric) crystallization 
and reaction. Free silica takes the form of quartz, never that 
of tridymite, and it always crystallizes late, the crystals enclos¬ 
ing minute bubbles of water and gas. 

Dyscrystalline rocks. Crystallization took place under 
low pressure, but the temperature of intrusion or extrusion was 
high, often exceeding 900“ C. Loss of heat to the atmosphere 
or to surrounding rocks took place rapidly, and on account of 
the reduction of pressure there was a rapid loss of gases; con¬ 
sequently crystallization often failed to be completed and the 
last portion of magma solidified as glass. Hydroxyl-bearing 
silicates such as mica and tourmaline are scarce; and inclusions 
within crystals are mostly of glass or stony matter. Quartz is 
less common than in eucrystalline rocks and it has often crystal¬ 
lized at an early stage; tridymite sometimes accompanies or 
replaces it. Pyroxenes are commoner than amphiboles. 

In the pages that follow the letter X will be used as a 
shorthand symbol for eucrystalline, and D for dyscrystalline. 

( 2 ) 

The phase-boundaries between free silica (quartz, tridy¬ 
mite, silica-glass) and the various unsaturated minerals that 
we discussed in Chapter VIII are natural boundaries of great 
significance, and they lead at once to the following classifica¬ 
tion of rocks. 

Class I— Oversaturated rocks or those which contain free 
silica of primary origin. Symbol O. 

Class II— Saturated rocks or those which contain neither 
free silica nor any unsaturated mineral. Symbol S. 

Class III— Undersaturated rocks or those which consist 
either wholly or in part of unsaturated minerals. This 
class may be subdivided as follows:— 

(a) Non^feldspathoidal division. The alkalis are 
saturated and the deficiency of silica affects the dark 
minerals only. Symbol V. 
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(b) Feldsfathoidal division. The alkalis are partly or 
wholly unsaturated. The dark minerals may be 
either saturated or unsaturated. In the former case 
the symbol is U, in the latter, W. 

This classification makes no great departure from the his¬ 
toric system of Ferdinand Zirkel, in which the quartz-bearing 
rocks were nominally separated from the feldspathoidal rocks 
and the olivine-free from the olivine-bearing rocks. Zirkel was 
not quite consistent in this matter, for he described under the 
heading of “ syenite *’ certain rocks that contain minor amounts 
of quartz, nepheline, sodalite or olivine; and under “ trachyte ” 
some that hold tridymite and others containing a little leucite, 
sodalite, haiiyne or olivine.' The proposed classification differs 
more widely from that of Rosenbusch, who either ignored 
chemical considerations altogether or subordinated them to his 
conception of Gesteinsfamilien and the Ganggefolgschaft. For 
instance, the syenite, monzonite, essexite and gabbro families 
of Rosenbusch’s classification all contain both oversaturated 
and undersaturated members. It was only when the proportion 
of quartz or feldspathoid became quite large that Rosenbusch 
would change the name of the rock; that is to say, he preferred 
an indefinite and chemically meaningless boundary to a precise 
boundary possessing physico-chemical significance. 

Criticism of the proposed basis of classification has come 
mainly from petrologists of the Rosenbusch school, who claim 
that it “obscures the natural affinities** between rocks. The 
phantasy of petrological affinity dies hard! When these 
“natural affinities’* can be defined as clearly and unequivoc¬ 
ally as the natural antipathies that form the basis of the 
propK>sed classification, and can be shown to have an equal 
significance in terms of physical chemistry, then this criticism 
will deserve consideration, but not till then. 

A. Lacroix has said that “ the production of a small 
quantity of quartz or of a feldspathoid has no real importance 
from the point of view of classification.*’ G. W. Tyrrell, too, 
thinks that “ little notice should be taken of small quantities 

1 In the report on the 40th parallel, Zirkel described a rock from Slater’s Fork, 
in the Elkhead Mts., as trachyte, although he had himself identified 
nepheline in it. 
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of quartz, olivine, or- feldspathoids.” Why should one take 
little notice of facts that bear directly on the cooling-history 
of the magma and the course of differentiation ? The quarlz- 
feldspathoid and quartz-olivine boundaries are natural divide 
ing4ines, and as such they have a scientific importance which 
artificial boundaries can never have. 

Both Lacroix and Niggli have objected to the separation 
of quartz-bearing from olivine-bearing rocks on the ground 
that some rocks hold both minerals. It is strange that this 
criticism should be brought up again and again, for it has 
been shown repeatedly that the association is not a stable one 
and that its appearance is a mere accident of cooling. That 
the olivine-silica reaction was not completed in a particular 
instance is a local exception to a general rule. The logical 
procedure, in such a case, is first to establish the rule and then 
to deal with the exceptions. The existence of exceptions should 
not be permitted to blind one to the rule. In dealing with a 
rock that contains both quartz and olivine, one should estimate 
the (usually small) proportion of each and decide which is in 
excess (in round numbers, two parts by volume of olivine will 
neutralize one part by volume of quartz). This will decide the 
primary classification of the rock; its abnormal character may 
be indicated in the process of subdivision. 

( 3 ) 

After silica, the component next in importance is alumina. 
In the feldspars the molecular ratio of alumina to soda, potash 
and lime combined is exactly 1: 1, and it is so in nepheline and 
leucite too; consequently any excess or deficiency of alumina 
with respect to this ratio must show itself in the character of the 
dark minerals. This consideration leads us directly to a four¬ 
fold grouping of rocks, as follows. 

I. The peraluminous type (Symbol p). In these rocks 
the molecular proportion of alumina exceeds the molecular pro¬ 
portions of soda, potash and lime combined. The excess of 
alumina goes into muscovite, biotite, corundum, tourmaline, 
topaz, or an iron-manganese garnet (almandine or spessartite). 
These are typical products of low-temperature, hydrous, 
generally acid magmas and of the later stages in the magmatic 
reaction-series. 
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IL The metaluminous type (Symbol m). The propor¬ 
tion of alumina exceeds that of soda and potash combined, 
but is generally less than that of soda, potash and lime com¬ 
bined. Nevertheless, some of the alumina enters the dark 
minerals, forming either a moderately aluminous mineral such 
as hornblende, epidote or melilite, or else an association of an 
aluminous with a non-aluminous mineral, such as biotite with 
pyroxene, hornblende with olivine. The physical conditions 
during crystallization were intermediate between those of the 
preceding and succeeding types. 

III. The subaluminous type (Symbol s). There is little 
or no excess of alumina over that required to form feldspars 
and feldspathoids. The dark silicates are olivine and ortho¬ 
pyroxene, which are strictly non-aluminous, and diopside and 
augite, in which a small proportion of silicon atoms may be 
replaced by aluminium. These are all pyrogenetic minerals 
and are typical of hot, relatively anhydrous magmas. 

IV. The peralkaline type (Symbol k). The molecular 
proportion of alumina is less than that of soda and potash com¬ 
bined. The characteristic dark minerals are the soda- 
pyroxenes and soda-amphiboles, aenigmatite, eudialyte, and 
other species in which the place of alumina is taken by ferric 
oxide, zirconia, or titania. Ferric oxide and titania also take 
the place of alumina in melanite and schorlomite, two lime- 
rich species which are only found in rocks of peralkaline 
character. These are all low-temperature minerals formed in 
the last stage of crystallization of soda-rich magmas, when the 
residual liquor was strongly alkaline in character. 

The four rock-types that we have just distinguished mark 
successive stages in the cooling-history of a magma. The 
crystallization of a system containing alumina often begins 
with the production of olivine or an almost non-aluminous 
pyroxene, which at a later stage reacts with the remaining 
liquid and is gradually transformed into hornblende or even 
further into biotite. These four minerals constitute a re- 
action-series in the sense of N. L. Bowen, and the correspond¬ 
ing rock-types may be called reaction-types. In a less 
aluminous magma a different reaction may take place and 
the original pyroxene may be replaced, or at least mantled, by 
aegirine or a 9 oda-amphilx>le. 
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The conditions which determine whether reaction shall 
take place between crystals and liquid, and to what extent, 
must include both temperature and rate of cooling, as well 
as the retention or loss of fugitive constituents while crystal¬ 
lization is proceeding. High initial temperature and a 
low content of fugitive constituents favour the subaluminous 
type; moderate temperature and a greater concentration of 
fugitive constituents tend to produce rocks of metaluminous 
type; still lower temperature, combined with an abundance of 
fugitive constituents, will normally give rise to a peraluminous 
rock, but under certain conditions (which cause tne residual 
magma to be abnormally rich in soda) a peralkaline rock may 
be formed. 

Peraluminous minerals seem to be normally incompatible 
with subaluminous and peralkaline minerals, with the excep¬ 
tion that ** biotite’’ can be associated with almost anything. 
But **biotite” includes both aluminous varieties and others 
in which the place of aluminium is largely taken by iron. Fhe 
biotite that is sometimes associated with aegirine and other 
peralkaline minerals is a variety rich in iron. 

Soda-rich pyroxenes and amphiboles, being deficient in 
alumina, are not normally found in association with plagioclase 
containing much anorthite; but to this rule there are some 
apparent exceptions. Thus V. Hackman has described a 
dioritic rock at Kuolajarvi, Finland, which holds augite, brown 
hornblende and aegirine in conjunction with a plagioclase con¬ 
taining forty per cent of anorthite; and T. Ichimura records 
gabbroic rocks in Korea in which the calcic plagioclase is 
accompanied by titaniferous augite about which there are 
mantles of soda-pyroxene approaching aegirine in composition. 
In all such cases the soda-pyroxene is of very late formation 
and it appears to have been introduced when the rock was 
essentially solid. The former rock presents a transition from 
the metaluminous to the peralkaline type (m-k); the latter a 
transition from subaluminous to peralkaline (s-k). It is quite 
as important to indicate such a state of transition as to indicate 
one of the simple types, and the use of symbols makes it easy 
to do so. 

Glassy and cryptocrystalline rocks put grave difficulties 
in the way of a mineralogical classificaition, but the system dis- 
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cussed here proceeds on the assumption that what the petro- 
grapher cannot learn through the microscope, he must be 
prepared to seek in the crucible. Given a moderately com¬ 
plete analysis of a glassy rock, it is generally possible to recog¬ 
nize the reaction-type. The potential mineral composition 
must be calculated, and for this purpose the rules that regulate 
the calculation of the norm are suitable. Any deficiency of 
alumina as compared with alkalis in the rock will cause acmite 
to appear in the norm, thus indicating that the rock is peralka- 
line. If corundum appears in the norm, without hypersthene, 
the rock is of necessity peraluminous; while total absence of 
normative corundum will generally indicate that no mica or 
hornblende could have been formed by the crystallization of 
this rock, and the rock must be referred to the subaluminous 
type. Should the norm contain both corundum and hypers¬ 
thene or olivine, then a little calculation is necessary to show 
whether the ratio between these molecules is about the same as 
in biotite or whether there is an excess of hypersthene over the 
proportion needed to form biotite. 

We may proceed somewhat arbitrarily as follows: 

If corundum exceeds hypersthene in the norm, the rock is 


potentially peraluminous. 

If corundum is less than hypersthene . metaluminous. 

If corundum exceeds | of olivine in the 

norm . peraluminous. 

If corundum is less than | of olivine . metaluminous. 


At this stage we may pause to report progress. By con¬ 
sidering the factors of crystallinity, silica-saturation, and 
reaction-type we have established a primary basis of classifica¬ 
tion which may be represented by a framework of forty 
compartments, as in Table A. 

Of these compartments only two (DVp, DWp, numbers 
18 and 34) have no known occupants; all the others are occu¬ 
pied, however sparsely, by known varieties of rock. We must 
be content for the present to indicate these forty compartments 
and the corresponding rocks by means of symbols, for it is 
clear that our existing rock names are not entirely applicable 
to them. 






232 


ERUPTIVE ROCKS 



P 

m 

s 

k 


1 
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7 

^ Id 
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^ Id 

10 
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17 

19 

21 
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^ Id 

18 

20 

22 

24 


25 

27 

29 

31 

^ Id 

26 

28 

30 

32 


33 

35 

37 

39 

"" Id 

34 

36 

38 

40 


Table A. The Primary Basis of Classification. 


A symbol such as XOp or DWs indicates some of the 
most outstanding characteristics of the rock described, but it 
does not go far enough. In the group XOp the feldspar may 
be all orthoclase or all plagioclase. The symbol XSs repre¬ 
sents anything from a potash-syenite to an anorthite-rock or a 
pyroxenite. DWm may contain either nepheline or leucite 
and either olivine or melilite. Further subdivision is clearly 
needed, and it seems desirable that it should have a quantita¬ 
tive basis. But here Nature declines to help us. Apart from 
the exclusions discussed on earlier pages, and the very doubt¬ 
ful occurrence of “ anchi-eutectic ” rocks, there are no natural 
limits to the proportion of any mineral in any rock. It is 
true that quartz-orthoclase rocks typically hold only a small 
proportion of ferromagnesian minerals and that the plagioclase 
rocks are mostly rich in ferromagnesians; but to this statement 
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there are many exceptions, among which the case of the 
anorthosites is outstanding. If we wish to establish quantita¬ 
tive mineralogical subdivisions, we shall have to do it on an 
arbitrary basis. 

Chemical analysis, too, fails to establish any natural 
dividing lines. H. S. Washington directed attention to a 
sympathetic relation that obtains between magnesium and 
potassium, on the one hand, and iron and sodium on the other 
hand. (See Fig. 32.) But there are rocks rich in potassium 
yet almost without magnesium, and rocks rich in sodium but 
almost free from iron; so this relation is not definite enough 
for the purpose that we have in view. Any subdivisions that 
we establish upon the proportions of the various oxides must 
be arbitrary. 

The Secondary or Descriptive Basis of Classification 

( 1 ) 

From the genetic standpoint the mere presence of a critical 
mineral such as nepheline or olivine, which marks the crossing 
of a phase-boundary, or tourmaline or aegirine, which marks 
a particular reaction-type, is more important than the actual 
abundance of that mineral; nevertheless it is desirable, in order 
that one may form some sort of picture of the rock, to have a 
statement of the proportions of the various minerals in it. A 
preliminary statement of this kind may usefully take the form 
of the ratio of heavy to light minerals in the rock. All minerals 
of density less than 2*8 are free from magnesium and iron 
and are consequently pale in colour, whereas the majority of 
minerals denser than 2*8 are distinctly and often strongly 
coloured. The ratio of heavy to light minerals is therefore 
nearly the same thing as the ratio of dark-coloured to light- 
coloured minerals, and since it is this which mainly determines 
the colour of a rock it may be called the colour ratio or colour 
index of the rock. (The colour ratio of a rock is x per cent; 
its colour index is simply x. The latter term has been 
Germanized in the form Farh 2 sahl; in French it has become 
indice de coloration). 

The light minerals (or those so regarded by the writer, as 
well as by Lacroix and Troger) are quartz, tridymite, all feld- 
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sparS| nepheline, cancrinite, the sodalite group, leucite and 
analcime. But Johannsen and Niggli have interpreted the 
adjective “light” more literally, and they include muscovite, 
scapolite, melilite, topaz, corundum, apatite, andalusite, silli- 
manite, and fluorspar among the light minerals. If colour 
alone is to be decisive, then enstatite, olivine, phlogopite, and 
zircon might all have been added to this list. It seems better 



Fig. 32. A plotting of nearly two hundred rock analyses, to show that potash 
and magnesia on the one hand, and soda and iron oxide on the other, tend 
to vary together. (H. S. Washington.) 


to base the distinction of the two groups upon the definite 
character of density than upon the very indefinite one of 
colour. 

There are no natural boundaries in respect of colour index, 
so we must fix our boundaries arbitrarily yet with some regard 
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to the tendencies that we observe in nature. For instance, the 
very abundant granites, granodiorites, tonalites and anor¬ 
thosites hardly ever carry as much as thirty per cent, of dark 
minerals, whereas the abundant gabbros, norites, diabases and 
basalts nearly always carry more than 30 per cent, of these 
minerals; so a boundary at about 30 per cent (by volume, since 
it is easier to judge volume than weight) is suggested. Another 
boundary at 90 per cent cuts off the rocks composed almost 
wholly of dark minerals (pyroxenites, hornblendites, peri- 
dotites) from the rest; and between these limits we may rea¬ 
sonably put another boundary at 60 per cent by volume of dark 
minerals. The four facies thus distinguished may be called 
leucocratic (colour index 0-30), mesotype^ (colour index 30-60), 
melanocratic (colour index 60-90), and hypermelanic (colour in¬ 
dex 90-100) respectively. Similar limits have been suggested 
by Lincoln (33, 67), Lacroix (.35, 65, 95), and Niggli (37J, 6‘2J, 
87J). 

When one writes a symbol to indicate the composition 
of a rock, it should generally be sufficient to express the 
leucocratic, mesotype, melanocratic or hypermelanic char¬ 
acter by the addition of the capital letters L, M', M", or H, as 
in XSmM' or XVsH. Alternatively, one may append the 
exact colour index as in XOp^(15). The word “melane** 
(borrowed from biology) is a convenient term for the dark 
minerals in rocks; thus we may say that a rock contains 15 per 
cent of melanes. The adjective “ melanic ” covers both meso¬ 
type and melanocratic and saves many syllables. The cor¬ 
responding symbol M includes both M' and M". 

( 2 ) 

The great majority of rocks contain some kind of feldspar, 
and this is far the largest constituent of most of them. On 
this account the composition of the feldspar has been a factor 
in every mineralogical classification of the past. The usual 
practice has been to separate the rocks in which alkali-feldspar 
predominates from those in which plagioclase is dominant, 

^ The form mesocratic is used by some writers, but should be avoided as it has 
a nonsensical meaning. The middle cannot predominate. Scientific writers 
who are always ready to jeer when literary men misuse scientific terms 
should be specially careful not to misuse language. 
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and to make a third division for rocks in which orthoclase and 
plagioclase are about equal. 

But since ‘ ‘ orthoclase * * or “ alkali-feldspar * * includes 
varieties that are rich in soda, and ** plagioclasemeans any¬ 
thing from pure soda-feldspar to pure lime-feldspar, the prac¬ 
tice referred to is not good chemistry; and since soda appears 
in both terms of the ratio, it is not even good arithmetic. The 
weakness of this method of classifying rocks is shown by the 
contradictions to which it gives rise. For instance, a lava of 
San Mateo Mountain, New Mexico, which was named 
“ andesite ** by J. S. Diller, has the following composition :— 


quartz . 

. 5-50^ 

orthoclase molecules 

. 300 

albite molecules 

. 540 

anorthite molecules 

. 22 

melanes . 

. 8-8 


This rock carries more plagioclase than orthoclase, so the use 
of the name andesite is justified by current practice; but the 
proportion of potash feldspar is more than thirteen times that 
of anorthite. 

In H. H. Robinson’s admirable description of the lavas 
of San Francisco Mountain, Arizona, the names dacite and 
latite are employed. According to the accepted definitions of 
these names, latite contains roughly equal quantities of ortho¬ 
clase and plagioclase, while dacite has plagioclase in consider¬ 
able excess of orthoclase. Yet the chemical analyses of these 
lavas show that, in the dacites described by Robinson, ortho¬ 
clase molecules are from one and a quarter to two and one-half 
times as plentiful as anorthite molecules; while in the latite the 
reverse is the case. 

These examples show that the statement of the ratio of 
plagioclase to orthoclase which is conveyed by such names as 
latite, dacite, andesite, as these names as currently defined, is 
worthless as a guide to the relative proporitions of potash, soda 
and lime in the feldspars. If much albite is present, plagio¬ 
clase will exceed orthoclase even when the proportion of anor¬ 
thite is quite small; and if little albite is present, orthoclase 
may exceed plagioclase although the rock actually contains 
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more anorthite than in the last case. If there is a great excess 
of albite over anorthite, then the plagioclase approaches the 
composition of pure albite; in this case it is the practice of 
those petrographers who follow Rosenbusch to transfer .this 
highly sodic plagioclase to the other side of the equation to 
swell the total of “ alkali-feldspar.” 


Or 



Fig. 33. 


The complications which arise from the use of the in¬ 
definite terms ” orthoclase,” “alkali-feldspar,” and “plagio¬ 
clase ” can only be avoided by discussing the feldspars in terms 
of the pure components KAlSiaOg (Or), NaAlSigOg (Ab), 
and CaAlaSiaO* (An). In Fig. 33 the three corners of the 
triangular diagram represent Or, Ab, and An respectively. 
Now the Or-Ab-An field can be divided up in many ways, 
hut the way that immediately and strongly suggests itself is to 
demarcate a potash-field (Or-xzy), a soda-field (Ab-xzw) and a 
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lime-field (An-yzw), all of them equal in area. Every rock 
that is represented by a point in the potash field contains more 
orthoclase than either albite or anorthite, though not neces¬ 
sarily more than albite and anorthite combined. Similar 
statements can be made for the soda-field and for the lime- 
field. 


Or 



Fig. 34. The composition of 954 natural feldspars expressed in terms of 
Or, Ab, and An. (After H. L. Ailing.) 

It is well known that potash-lime feldspars are not found 
in nature, and that mixtures of orthoclase and anorthite are 
always diluted by much albite. This means that the area 
Or-z-An in Fig. 33 is almost unrepresented, and that the 
potash and lime fields are each reduced in practice to about 
half their theoretical area. The soda-field, however, is fully 
represented, for rocks are known which carry much albite and 
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orthoclase with almost no anorthite, and others that have albite 
and anorthite with only a minimal quantity of orthoclase; 
there are also many rocks in which all three components are 
present in considerable amount. (In further illustration of 
this point see Fig. 34, which gives the composition of over 900 


Or 



Fig. 35. 


natural feldspars, as computed by H. L. Ailing.) It will be 
advantageous, therefore, to subdivide the large sodic field into 
a soda-|>otash section and a soda-lime section, as in Fig. 35. 

We have now divided the useful part of the triangle into 
four approximately equal fields, which are characterized 
mineralogically by potash-soda feldspar, soda-potash feldspar, 
soda-lime feldspar, and lime-soda feldspar respectively. The 
fields are defined in quantitative terms as follows; — 

1. Or>-Ab (potash-soda field). Symbol a 

2. Or<Ab (soda-potash field). Symbol P 

3. Ab>An (soda-lime field). Symbol y 

4. Ab*<An (lime-soda field). Symbol j 


Or>An 

Or-<An 
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In the case of rocks containing leucite, Or is replaced by 
Or + Lc. 

To classify rocks on the above basis is not much more diffi¬ 
cult than under any existing system, for all good petrographic 
descriptions include either optical or chemical determination 
of the composition of the feldspars present. The first step will 
be to compare orthoclase to anorthite; in most rocks there will 
be a clear excess of one or the other, and as soon as that has 
been ascertained, a provisional name can be given to the rock. 
The ratio of orthoclase to albite will also be afforded by mere 
inspection in some cases; but in doubtful instances it will be 
necessary to undertake a closer investigation of the composition 
of the feldspar, using either gravitational, optical, or chemical 
methods, all of which are already part of the routine of petro- 
graphy. 

A. Johannsen has criticized the foregoing proposal on the 
ground that it introduces a calculated or average feldspar in 
place of the kind of feldspar actually present in the rock. It 
would, for instance, put a rock containing anorthoclase and a 
little labradorite in the same compartment as one with andesine 
and a less sodic orthoclase. But the customary method of 
using the feldspars in classification may lead to graver com¬ 
plications, as we showed on p. 236. In dealing with zoned 
plagioclase it has always been the practice of petrographers to 
estimate the average composition of the crystals, and Johannsen 
himself uses an average in the case of microperthite. Again, 
in the case of hypocrystalline and glassy rocks it is inevitable 
that we should discuss their composition in terms of theoretical 
feldspar. It is thought that the method proposed above leads 
to a more consistent and precise use of the feldspar factor in 
classification than has been customary hitherto. 

We may combine the four main divisions based on feld¬ 
spar with the four based on colour-index, as in Table B. 

In the leucocratic and mesotype divisions it is necessary to 
recognize at least four subdivisions based on the kind of feld¬ 
spar, but in the melanocratic division two subdivisions should 
be sufficient. In the hypermelanic rocks feldspar is only an 
accessory mineral and it should not be allowed a prominent 
place in classification. We may reckon, therefore, with a 
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a 


7 

8 

Leucocratic (L) 

1 

5 

2 

.3 

4 

Mesotype (M^) 

f) 

7 

(S 

Melanocratic (M") 

9 

10 

Hypermelanic (H) 

11 


Table B. The Secondary or Descriptive Basis of Classification. 

framework of eleven compartments for our secondary basis of 
classification; and these, when combined with the forty com¬ 
partments of the primary scheme, give us ample accommoda¬ 
tion for all eruptive rocks. The arithmetical product is 440, 
but in practice this number would be reduced to about 300 
compartments. 


The Question of Further Subdivision 
It may be thought that the classification proposed above 
goes far enough; yet within certain groups of rocks it is clear 
that still further subdivision is necessary. In the under- 
saturated class, for instance, the leucite rocks must be separated 
from the nepheline rocks and the feldspathic rocks from the 
non-feldspathic ones. Such requirements as these must be 
met by partition of the appropriate compartments of the classi¬ 
fication ; but in the writer’s opinion it is not advisable to 
attempt any further subdivision of the system as a whole. 
With two grades of crystallinity, five degrees of silication, four 
reaction-types, four divisions based on the colour-index, and 
four on the composition of the feldspar, we have already made 
it possible to indicate the salient mineralogical and chemical 
characters of a rock and something of its cooling-history. If 
further subdivision is needed within a particular rock-group, 
the matter may be dealt with when that group comes up for 
discussion. 
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In certain systems of classification, the relative propor¬ 
tions of the principal mineral-groups are used to establish 
arbitrary numerical boundaries. Thus, in the quantitative 
mineralogical classification of A. Johannsen there are four 
classes based upon the ratio of light-coloured to dark-coloured 
minerals (see back, p. 234), with limits at five, fifty and ninety- 
five per cent; within each class there are four orders based (in 
the first three classes) upon the composition of the plagioclase 
and (in the fourth class) upon the ratio of iron-ores to silicates. 
The orders in the first three classes are further subdivided into 
families according to the ratio of quartz to feldspar or feldspar 
to feldspathoid; in the fourth class the families are determined 
by the numerical relations between olivine, pyroxene, amphi- 
bole and biotite. This system gives a total of 364 “ families” 
of rocks. 

Paul Niggli has produced an amended version of 
Johannsen*s system which some regard as an improvement on 
the original. In place of the dividing ratios of 5, 50, and 95 
per cent which Johannsen used to define the classes, orders 
and families in his system, Niggli introduced the ratios that 
were used by the authors of the Norm system, namely 7: 1, 
6:3, 3:6, 1:7; thus obtaining a more equal division of the 
field. Niggli also differs from Johannsen on the question of 
what is to be understood by “alkali-feldspar,” the point at 
issue being the same that we referred to on p. 236. The twelve 
“orders” ot rocks in Niggli’s system are just the larger 
groups of the Rosenbusch system, with arithmetical limits. 

We may say of the systems of Johannsen and Niggli 
that they are logical and consistent and that they afford a con¬ 
venient means of cataloguing rocks according to their 
mineralogical composition. But they fail to satisfy the re¬ 
quirements of a scientific classification, for no correlation is 
effected between the mineralogical composition of a rock and 
any of its other properties, or its cooling-history. Either 
of these classifications would be perfectly suitable for a series 
of mechanical mixtures, but they fail to indicate the operation 
of the physical and chemical laws which govern the crystalliza¬ 
tion of rocks. In short, they ignore the natural history of 
rocks. 
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On Names and Symbols 

In an ideal classification the names would arise out of the 
system; but to bring this about in petrology it would be 
necessary either to abandon all our present rock-names and 
create an entirely new set, or else to re-define the old names to 
fit the new classification. The experience of the last quarter 
of a century has shown that there is a steadily growing oppo¬ 
sition among petrologists to the introduction of new names, 
and a scarcely less marked reluctance to submit to any curtail¬ 
ment of the right to use old, familiar names m the way they 
have always been used. In view of this resistance to change 
one must just resolve to put up for some time longer with the 
well-known names of the Rosenbusch era, and their “ well- 
known ” (that is, ill-defined) connotations. But it must be 
recognized that they are only sack-names, having no permanent 
validity and indeed no precise meaning in terms of either 
chemistry or mineralogy. To these names we must try to 
impart some degree of precision by means of adjectives and 
symbols such as those introduced in this chapter. 

To take an example from the commonest group of rocks, 
the granite of St. Austell, Cornwall, is more accurately 
described as a peraluminous potash-granite with a colour-index 
of about 13; all this information may be expressed concisely by 
the symbol XOpa(13). The granite of Boulder, Montana, is a 
metaluminous soda-granite with some 22 per cent of dark 
minerals, or XOm/9(22). The granite of Rockall, or rather the 
variety called “ rockallite,” is a mesotype peralkaline soda- 
granite, XOkjS(43)^ The granophyre of Carrock Fell, England, 
is a dyscrystalline dyke-granite holding 9 per cent of augite, or 
DOs)8(9). The Plauen syenite, in spite of its name, is a dis¬ 
tinctly oversaturated rock holding some 8 or 10 per cent of 
quartz. This slighter degree of oversaturation might be indi¬ 
cated by writing a small letter “ o ” in place of the usual capital, 
thus Xoma(22). 

Symbols have already been used in addition to names in 
the Norm system and the systems of Johannsen, Niggli and 
Lacroix. Until petrologists are ready to consider a complete 
revision of nomenclature, no better course is open to us than 
to supplement indefinite names with definite symbols. The 
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alternative is to continue the witless practice of giving a new 
name to every rock that is slightly different from any rock 
seen before and thus to extend indefinitely the list of “ specific ** 
names which already contains over six hundred items and in¬ 
cludes such gems as katzenbiickelite and leeuwfonteinite, 
anabohitsite and sviatoynossite, bogusite and bugite. There 
is indeed another alternative which has found a few advocates : 
it is to return to the language of babyhood and coin words by 
putting together unrelated syllables, as in neapite (nepheline- 
apatite rock), apaneite (apatite-nepheline rock), olpybinemelite 
(olivine-pyroxene-biotite-nepheline-melilite rock). There may 
be still more dreadful alternatives, but the writer has not been 
able to imagine them. 

It is the thesis of this book that characters which are cap¬ 
able of interpretation in terms of physical chemistry are more 
valuable for systematic use than any others, and that rock- 
names should be based as far as possible on these characters. 
The writer believes that all the requirements of a scientific 
petrology can be met by a series of not more and probably less 
than a hundred names. It is impossible to express every charac¬ 
ter of a rock in a single word; something must be left out; and 
those who require more information than the name conveys will 
find it either in the symbol or in the detailed description of the 
rock. 


Summary of the Symbols Introduced in this Chapter 
Crystallinity 

X = eucry6talline 
D = dyscry stalline 
Degree of Saturation with Silica 

0= oversaturated (o if excess silica not more than 10 per 
cent) 

S = saturated 

V = under saturated, non-feldspathoidal 
U = undersaturated, feldspathoidal 

W = undersaturated, both light and dark minerals un¬ 
saturated 
Reaction Type 

p=peraluminous 
m = metaluminous 
s = subaluminous 
k—peralkaline 
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Colour Index 

L = leucocratic 

M' = mesotype ) ,, , . 

M« = melan.^ratic | ^ 

H = hypermelanic 
Character of Feldspar 

(Classes O, S, V) 
a = Or>^An, Or>>.Ab 
j3 = Or>.An, Ab>-Or 

Y = An>-Or, Ab>>An 
S = An>.Or, An>Ab 

(Classes U, W) 

a = Or + Lc>>An; leucite present 
/3 = Or>An; leucite absent 

Y = An>.Or + Lc; leucite present 
8 = An>.Or; leucite absent 

The symbols are intended to be written in the above order, except 
that the colour-index symbol should come last, thus XSmjgL or 
XSmj8(14). 
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The origin of granite is to be sought in the defths o) 
time as well as of space. —R. A. Daly. 

CHAPTER XV 

THE OVERSATURATED ROCKS 

OCCURRENCE AND GENESIS 

The oversaturated rocks are those that hold free silica in the 
form of quartz, tridymite, or siliceous glass. Silica of hydro- 
thermal origin (opal, chalcedony, agate, etc.) is to be disre¬ 
garded. In a glassy rock, the presence of an excess of silica 
may be deduced from the density and the refractivity of the 
glass, or from data furnished by chemical analysis. 

Most rocks that hold much quartz have also a good deal of 
feldspar, and from the earliest days of geology such rocks, 
when coarse in grain, have been called granite. Fine-grained 
dyke-rocks and lavas of similar composition have been named 
quartz-porphyry, rhyolite, felsite; and the vitreous ones 
obsidian and pitchstone. 

After the introduction of the microscope into petrology 
(1858 to 1870) it was recognized that both orthoclase and 
plagioclase feldspars occur in granite, sometimes one and 
sometimes the other predominating. Ferdinand Zirkel defined 
granite as a rock in which alkali-feldspar, quartz and plagio¬ 
clase take part, the plagioclase being as a rule subordinate to 
orthoclase. For rocks in which plagioclase exceeds orthoclase 
Zirkel used the name quartz-diorite; but his contemporary, G. 
vom Rath, gave the specific name of tonalite to the quartz- 
diorite of Tonale, and this name is now widely used for any 
plagioclase-rich granite. At a later date Cathrein added the 
name adamellite for rocks intermediate between granite and 
tonalite, and Becker introduced granodiorite with the very same 
meaning. Disregarding this choice of names, some petrolo- 
gists have continued to use the name granite even for rocks 
in which all the feldspar is plagioclase. The consequence is 
that when the name granite is used without qualification it has 
no more value than a field name. In the discussion that follows 
we shall use certain of the above names in the customary loose 


246 



THE OVERSATURATED ROCKS 


247 


way, and afterwards an attempt will be made to define them 
more precisely. 

It is generally believed that oversaturated rocks are much 
more abundant, in the outer layers of the earth-crust at least, 
than any other class. In most countries the data for testing 
this belief statistically have not been gathered together, but we 
owe to R. A. Daly a valuable computation of the areas occu¬ 
pied by outcrops of different kinds of eruptive rocks in the 
United States of America. For obvious reasons, no compari¬ 
son of volumes is possible. Out of 6,607 square miles occupied 
by plutonic rocks, 6,932 square miles, or ninety per cent, con¬ 
sist of oversaturated rocks, mostly granite. In contrast with 
this enormous development of oversaturated plutonic rocks, 
the comparative scarcity of oversaturated lavAs is surprising. 
Daly’s figures show that out of 9,715 square miles of lava in 
the United States, only twenty-three per cent are oversaturated. 
This is a point of great significance for the theory of petro- 
genesis; it suggests, and indeed goes far to prove, that the 
extrusion of a particular type of lava is not necessarily con¬ 
nected with the intrusion of a plutonic rock of the same 
chemical and mineralogical character. 

Occurrence in the Field 

Granite, granodiorite and tonalite occur in the form of 
enormous dome-like intrusions—so-called batholiths—whose 
upper surfaces may be exposed over hundreds or even thou¬ 
sands of square miles. The Coast Range batholith of British 
Columbia, according to T. C. Phemister, is “probably the 
largest plutonic body in the world,” having a continuous out¬ 
crop at least 1,260 miles long and up to 125 miles wide. To 
the Idaho batholith in Idaho and Montana C. M. Langton 
ascribes an area of 16,000 square miles, although only a small 
part of this is massive granite. The Wiborg batholith in Fin¬ 
land, with an area of some 7,000 square miles, is constituted 
almost entirely of massive granite. The Vermilion batholith in 
Minnesota covers between 2,000 and 3,000 square miles, and the 
Boulder batholith, Montana, about 1,200 square miles. R. H. 
Rastall reports that the main range of Malaya is a batholith 
300 miles long and up to 40 miles wide. 
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The thickness or downward extension of a batholith is 
quite unknown, but since erosion has never exposed the floor 
of a really large intrusion, the thickness is certainly to be ex¬ 
pressed in miles. It is most unlikely that any of the greater 
intrusive bodies rests on a floor of sedimentary rocks, but 
“what underlies the granites” is one of the problems that 
geology has still to solve. 

The margin of a large granite intrusion is sometimes 
sharply defined and more or less plane, and one can lay a 
knife-blade along the junction so that all rock on one side of 
the blade is eruptive, all on the other side sedimentary. The 
contact between granite and Silurian limestone at Konerud- 
kollen, Norway, is said by W. C. Brogger to be “ hair-sharp.” 
W. D. Johnston and E. Cloos say of the granodiorite of Grass 
Valley, California, that “ the contacts of tlie granodiorite with 
the adjoining rocks are commonly so sharp that both rocks, in 
their normal facies, can be represented by a single hand-speci¬ 
men.” But a different type of junction is also seen, especially 
in regions of intense metamorphism; it is characterized by the 
absence of any sharp bounding surface. The appearance in 
such a case is as if the country rock had soaked up the liquid 
magma like a sponge, being itself at the same time partly 
assimilated and partly incorporated in the magma. In cross¬ 
ing such a junction one passes insensibly from pure granite to 
granite holding dark bands and streaks of half-assimilated 
sedimejit; from this to a composite rock made up of granitic 
and sedimentary laminae; then to sedimentary rock containing 
veins of granite or isolated, large feldspar crystals similar to 
those in the granite; and eventually to sediment which has 
been affected by the physical conditions prevailing at the con¬ 
tact but which has received no visible addition of material from 
the magma. The streaky or banded rocks which result from 
this intermingling of eruptive with sedimentary material are 
known in general as “gneiss,” and the various degrees of 
admixture are indicated roughly by the use of such terms as 
“ gneissose granite” or “ granite-gneiss ’ for those in which 
granitic material predominates, and “injection-gneiss” or 
“ migmatite ” for those consisting to a large extent of material 
of sedimentary derivation. Many of the oldest and largest 
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granite masses in all parts of the world have this gneissose 
character in part, and it is usual to call them either granite or 
gneiss indifferently. 

A. M. Macgregor has pointed out that there are two types 
of batholith, which he calls “ Suess-batholiths and “ Daly- 
batholiths’* respectively. The former are composed of rocks 
of highly variable character; enclosures of country rock are 
numerous and often large; and there is evidence of assimilation 
about the margins, which are of the intricate type just 
(^escribed. The “ Daly-batholiths ** are composed of fairly 
uniform rock; they show sharp contacts, comparatively few 
enclosures, and little evidence of assimilation. While it is true 
that many batholiths conform fairly closely to either the Suess 
or the Daly type, there are others which have an intermediate 
character. The rock may be massive in one part of the batho¬ 
lith and gneissose in another; one junction may be sharp and 
another intricate. It is likely that the difference between the 
Suess and the Daly batholith depends on the rate of movement 
during the emplacement of the magma, the former represent¬ 
ing a slow upwelling of magma and the latter a comparatively 
rapid injection. E. Blackwelder and E. R. Baddley show that 
67 per cent of the batholiths of North America have a. trans¬ 
gressive relation towards the schistosity of country rocks, and 
only ten per cent are conformable to the schistosity. They 
suggest that cross-cutting is characteristic of higher levels in 
the earth-crust, and that at great depths the invaded rocks 
become plastic and flow, so developing a conformable 
schistosity. 

We have seen that in the Suess type of batholith the rock 
is very variable in composition. As a rule the variation is 
more or less progressive from the centre towards the margin of 
the batholith. We may take as an example the Vermilion 
granite of Minnesota which is described by F. F. Grout as a 
leucocratic biotite-granite. Along its northern margin the granite 
develops a gneissic border-phase, there being within a mile 
“all gradations from gneissic to massive granite.” Along the 
southern boundary the granite is bordered for many miles by 
a belt of hornblende-syenite and hornblendite, such that “ a 
series of intermediate rocks can be selected showing scarcely a 



250 


ERUPTIVE ROCKS 


break from granite to hornblendite. No single outcrop shows 
a good gradation, but in a broad way the relation of the several 
rocks to a single period of batholithic injection can hardly be 
doubted.’ * The composition of some of the rocks of this batholith 
is shown diagrammatically in the table below, and a map will 
be found on p. 270. 
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granite batholith. Each horizontal bar represents the composition 
of one rock. The biotite granites and granodiorites make up nine- 
tenths of the whole. After F. F. Grout, with slight changes. 
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In Other instances, variation takes place in the vertical 
direction. The Dedham granodiorite, in Essex County, 
Massachusetts, is a leucocratic rock containing both microcline 
and plagioclase, with 36 per cent of quartz and about 12 per 
cent of dark minerals. It passes downward into quartz-diorite, 
by decrease of quartz and microcline and increase of horn¬ 
blende and augite. This again passes down into gabbro- 
diorite, a rock composed of plagioclase and dark minerals in 
nearly equal quantity. According to C. H. Clapp there 
appears to be continuous transition between granodiorite and 
gabbrodiorite. “ The rocks are almost certainly magmatic- 
ally related and from their structural relations apparently make 
up one large batholith. Most of the rock of this batholith is 
gabbrodiorite.*’ 

In laccoliths and sills the transition from granite (above) 
to gabbro or another type of basic rock (below) is often ob¬ 
served. In the Bush veld complex of the Transvaal, which is a 
giant example of the basin-shaped intrusive or lopolith, a very 
acid red granite overlies norite and other “ basic” rocks; and 
similar conditions appear in the Sudbury lopolith, Ontario. 
In each of these cases the passage from the acid to the basic 
rock, which was at one time supposed to be gradational, is now 
known to take place through a very narrow transition-zone, 
and it is claimed in consequence that the acid magma came into 
place slightly later than the basic one. In other instances of 
the granite-gabbro association the same sequence has been 
established. The great Breven dyke in Sweden was formerly 
supposed to show a continuous passage from olivine-diabase 
into granite, but later study by T. Krokstrom indicates that the 
dyke was probably formed by successive intrusions of olivine- 
diabase, diabase, granophyre, and again olivine-diabase, 
riiese observations make it rather likely that the apparently 
continuous transition between granodiorite and gabbrodiorite, 
in Essex County, would also prove to be interrupted if better 
exposures were available. 

H. H. Thomas, reviewing the evidence presented by the 
composite dykes and sills of the western islands of Scotland, 
observes that ” generally the fissure was first filled by a basic 
magma that partially solidified,” and this was followed imme- 
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diately by an acid magma which as a rule “ does not chill 
against its more basic associate but merges rapidly into it. 

The Origin of Granitic Rocks 

Is granitic magma “ primary ** in the sense of being one 
of the fundamental materials of the earth, or is it derived from 
something else? The author of the term batholith, E. Suess, 
defined a batholith as '*a stock-shaped or shield-shaped mass 
intruded as the result of the fusion of older formations ; and 
again he says “ batholiths have reached their present position 
by melting and absorbing the adjacent rock.*' 

The concept of granite as the product of an igneous or 
molten magma has prevailed since the beginning of the ]9tli 
century; it survived even H. C. Sorby’s demonstration, about 
the middle of the century, that some granite has completed its 
crystallization at such surprisingly low temperatures as 89“ to 
356“ C., and his claim that ‘ proof of the operation of water** 
in the formation of granite “ is quite as strong as that of heat.** 
It is only since the application of physical chemistry to petro¬ 
logical problems, during the present century, that the realiza¬ 
tion has come that granitic rocks have been formed at compara¬ 
tively low temperatures, from magmas containing water and 
other fugitive constituents. 

Speculation about the origin of granitic magma has fol¬ 
lowed three distinct lines. One group of investigators has 
followed Suess to the extent of regarding granite as a “ fused ** 
or otherwise liquefied sediment; another group, starting out 
from the work of Michel-L^vy and Lacroix, claims that granite 
is formed by the addition of certain alkaline “ emanations ** to 
sedimentary rocks; the third group follows J. H. L. Vogt and 
pictures the granitic magma as a residual liquid from the 
crystallization of much larger bodies of gabbroic magma. 

Among the representatives of the first group, J. J. 
Sederholm may be cited. In his volume on the origin of 
granite and gneiss in Fenno-Scandia, Sederholm says “ the 
phenomena of refusion or resolution have occurred here so ex¬ 
tensively that it must be assumed that the whole area has been 
in a melting condition, when it was once sunk to so great a 
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depth that it approached the bottomless magma-ocean or tecto- 
sphere of the earth.** Following Hutton, Sederholm pictures 
the destruction and gradual renewal of the solid earth-crust as 
a circulation. “ The granitic magma, once solidified and in 
part decomposed, undergoes again, when brought into the 
deeper parts of the earth, a resurrection or palingenesis.** 

Although, as we pointed out in Chapter V, Sederholm 
sometimes used the words melting and fusion when his mean¬ 
ing was really what we should now call solution or assimila¬ 
tion, yet it seems clear that in the above sentences he had actual 
melting in view. He gives a remarkable account of the 
“palingenesis or refusion** of a conglomerate near Helsing¬ 
fors, which was “ intruded by and partly dissolved in ** the 
post-Bothnian granite. At its junction with mica-schist the 
conglomerate is changed into a more or less massive rock which 
behaves like an eruptive, for it penetrates the schist as veins, 
even when it retains distinct vestiges of its former structure. 
“Thus we have illustrated the gradual transformation of a 
conglomerate into a new magma.** Chemical analyses are 
given which show that the intrusive veins have almost the same 
composition as the best preserved facies of the conglomerate, 
so again it would seem that actual melting is indicated. 

P. J. Holmquist writes of an ultrametamorphism of 
schistose rocks, by which they are converted into pegmatitic 
gneiss and granite. He says “ I am convinced that a general 
segregation of the quartz-feldspar material from the rocks took 
place at this high degree of the regional metamorphism, and 
that it marks the first steps of remelting of the crust** . . . 
“There seems to be no possibility of bringing this pegmatiza- 
tion into connection with any granite.’’ H. von Eckermann 
claims that the Loos-Hamra region of Sweden presents a 
“ typical case of a regional subsidence of the earth-crust and a 
palingenetic re-melting of its base.” 

W. Wahl shows that the older granites of Finland are 
oligoclase-granite or granodiorite, the younger ones are micro- 
cline-granite. During the primary stage of the Svecofennian 
folding, the granodiorite magma was intruded into the supra- 
crustal rocks over a considerable part of the total area of Fin¬ 
land. The younger granites, which are rich in potash and 
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silica and often pegmatitic in character, are thought to have 
been formed by palingenesis of the older. 

Sederholm modified his view in later years, for in 1926 he 
wrote “ the word refusion does not imply that a dry fusion 
should have taken place.” He introduced the term anatexis 
and defined it as “ refusion, although in some cases re-solution 
would be more appropriate.” Then he said specifically that 
“the anatexis of the crustal granitic masses has been caused 
... by the influence of emanations from the abyssal magma, 
whatever may have been its composition.” In 1933 he wrote 
with more assurance about these emanations. “ Granitic ichor, 
a magma diluted with water and containing other mineralizers, 
has played a great part both in the last stages of the consolida¬ 
tion of plutonic rock masses and in the formation of migma- 
tites. This ichor percolates through the older rock-masses and 
dissolves some of their minerals and replaces them with others, 
gradually giving the rocks a more granitic composition.” 

Starting from the “ juvenile gases ” of Suess, which were 
supposed to be given out by the core of the earth in cooling 
and to be so hot that they would “ melt and stope their way 
through the overlying rocks,” we have in recent years reduced 
our demands to a dilute, watery magma containing the con¬ 
stituents which are necessary to convert siliceous and alumi¬ 
nous sediments into granite; in other words, a solution of 
potash and soda, at a temperature not much above that of a 
hot spring. 

Since 1933 there has been a stream of publications describ¬ 
ing the “ granitization ” of sedimentary rocks by emanations 
from adjacent bodies of granitic or granodioritic magma. To 
cite only a few examples, we have the description by A. L. 
Anderson of the Cassia granodiorite in Idaho, which has con¬ 
verted the surrounding quartzite into quartz-microcline granite; 
H. Ebert’s account of the hybrid granite of Lausitz, Saxony, 
and the formation of aplite veins by liquation; C. E. Weg- 
mann’s study of migmatite; H. C. Horwood’s study of graniti- 
zation in the Cross Lake region of Manitoba; M. MacGregor’s 
account of the evolution of quartz-diorite in Galloway, Scot¬ 
land ; and the description by G. H. Anderson of the granites of 
the Northern Inyo Range in California. 
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The Inyo batholith is composed of two kinds of granite, 
the Pellisier granite overlying the Boundary Peak granite. The 
last-named is a fairly uniform, light grey biotite-granite with 
very few enclosures. The Pellisier granite is dark grey, like 
the argillites and phyllites with which it is in contact; and it 
is decidedly variable both in composition and in texture. It is 
sometimes porphyritic, and it has a mottled appearance owing 
to the uneven distribution of hornblende and biotite; enclosures 
of the country rock are abundant. It is demonstrated that the 
Pellisier granite was formed in place, partly by recrystallization 
and partly by replacement of the country rocks, which include 



Limestone, L; Schist and Argillite, S; Pellisier Granite, P; Boundary 
Peak Granite, B. 

Fig. 36. Generalized section across the northern Inyo Range, California. 

(G. H. Anderson.) 

both sediments and interbedded volcanics. The necessary heat 
as well as the transforming solutions are believed to have come 
from the Boundary Peak granite magma. 

H. C. Horwood has shown that in the Cross Lake region 
of Manitoba, rocks as different as arkose and andesite have 
been granitized, and that in each case the end product is a 
granitic gneiss which approaches in composition to the younger 
granite which invades both rocks. Horwood does not assume (as 
others have done in similar cases) that the younger granite is 
consequently the ultimate product of granitization, but makes 
only the reasonable claim that “the normal aqueous end pro¬ 
ducts of a granitic magma will under favorable conditions 
replace the rocks they flow through and produce rocks of 
granitic composition.” 

Such studies as these do indeed demonstrate that rocks of 
granitic aspect and composition have sometimes been formed 






266 


ERUPTIVE ROCKS 


from sediments, by the action of solutions emanating from an 
adjacent body of acid magma. But the product is not granite; 
it is a mixed rock which resembles granite more <jr less closely. 
F. F. Grout has discussed the formation of igneous-looking 
rocks by metasomatism, and shows that many writers have 
failed to distinguish clearly between the generation of granite 
and the generation of rocks that look like granite but have a 
totally different history. The loosely used term “ granitiza- 
tion” requires to be clearly defined, and Grout offers the fol¬ 
lowing definition : “ Granitization includes a group of processes 
by which a solid rock (without enough liquidity at any time to 
make it mobile or rheomorphic) is made more like granite than 
it was before.’* 

A rock produced by the recrystallization (without melting) 
of an arkose should not receive the same name as a rock formed 
by the slow crystallization of a rhyolitic magma, although the 
two rocks may be almost identical in mineralogy, in chemical 
composition, and in texture. Only one of them is granite ,* the 
other is a “ pseudo-granite,” or a ” metamorphic granite ” as 
it was called during last century. The recognition that some 
granitic rocks are metamorphic should not stampede us into 
the weak conclusion that no granite is eruptive. 

In a further group of studies of granitization there is not 
even an acid or basic magma within sight; we are asked to 
believe that emanations of unknown origin have converted sedi¬ 
ment into granite. In this group we must notice the remark¬ 
able case of the Killarney gneiss of Ontario, as described by 
T. T. Quirke and W. H. Collins. 

North of Lake Huron a belt of Huronian sediments com¬ 
prising quartzite, conglomerate, greywacke and limestone, is 
closely folded along an E-W axis and is invaded by small 
batholiths of Killarney granite. At the eastern end, where the 
thickness of the sediments is 23,000 feet, they suddenly vanish 
and their place is taken by granite and gneiss. The line of 
separation is fairly straight and cuts diagonally across the 
strike of the Huronian. In part this is due to faulting, but in 
other parts there is evidence of extensive granitization of the 
sediments, which are said to grade into pink and gray gneiss 
and eventually into normal granite. In the neighbourhood of 
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Fig. 37. The country north of Lake Huron, Ontario. The direction of folding in the Huronian sediments is expressed 
by the course of the lines and the intensity of folding by the thickness and closeness of the lines. 
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Killarney the Lorrain quartzite, which is entirely composed ot 
quartz and white mica, begins to develop red patches and 
changes gradually into a dark red quartz-feldspar-sericite 
gneiss which retains the bedding of the quartzite. In a further 
stage the gneiss becomes more coarse-grained and develops 
insets of orthoclase; the banding of the gneiss becomes obscured 
and the texture becomes more and more granitic. “There is an 
unbroken gradation from quartzite at one end to syenite and 
granite at the other.** Quirke points out that there are no 
pegmatite “feeders** in the Killarney gneiss, so it is not a 
migmatite. In that case we are left without any explanation 
of the source of the alkalis which have converted hundreds of 
square miles of sediments into banded gneiss and granite. 

W. A. Jones has made a petrographic and chemical study 
of part of the Killarney area and does not accept Quirke*s 
claims regarding granitization of the Lorrain quartzite. Jones 
shows that the unaltered quartzite contains 4 38% of K 2 O in the 
form of muscovite; enough to furnish some 25% of feldspar 
without any addition from outside sources. His microscopic 
examination “ did not reveal proof of the origin of the fine¬ 
grained gneiss by the metasomatic replacement of quartz by 
feldspar.** Nevertheless Quirke (1940) insists that the field 
evidence is more reliable than Jones* chemical and microscopical 
data, and he cannot abandon the conclusion that the fine¬ 
grained porphyritic gneiss is a highly metamorphosed quartz- 
itic rock. 

An interesting divergence of views appears in the inter¬ 
pretation, by G. E. Goodspeed and K. B. Krauskopf respec¬ 
tively, of the Wallowa batholith in Oregon. The very uniform 
rock that composes this batholith may be simply described as 
a plagioclase-granite; it has been intruded into a “hetero¬ 
geneous assortment” of hornstones, greenstones, limestones, 
limy shales, and quartzites. Goodspeed and Krauskopf are 
agreed that granitization has taken place at many points about 
the borders of the batholith, and that “all varieties of meta- 
morphic rocks which make direct contact with the batholith can 
be shown to undergo locally an extreme alteration that gives 
them a texture and composition similar to the intrusive.” Good- 
speed suggests therefore that “ most of the granitic rocks of this 
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region were formed in place from sedimentary rocks by the 
gradual additive and subtractive action of hydrothermal solu¬ 
tions,** and he derives these from “the deeper portions of the 
lithosphere.’* But Krauskopf argues against granitization in 
place as the sole means of emplacement of the batholith, on the 
ground of the remarkable uniformity of the granite in texture 
and composition, and the absence of evidence of assimilation 
along considerable stretches of the contact. He claims that 
“ some movement of the batholith as a whole seems necessary 
to explain its simple structural pattern, its prevailingly sharp 
contacts, and its petrographic uniformity.** Krauskopf seems 
inclined to substitute palingenesis in depth for granitization in 
place, as the origin of the batholithic rock. 

In Norway and Sweden the idea of granitization by emana¬ 
tions which are not derived from a magmatic source has found 
several advocates. H. G. Backlund discusses granitization in 
terms of rheomorphism, which he defines as “the sum of the 
processes of partial or complete thermal liquefication of a pre¬ 
existing rock with addition of smaller or larger quantities of 
new material which has entered by diffusion **; but he gives no 
indication of the source of this new material. T. F. W. Barth 
contends that the Telemark granite of southern Norway, which 
covers an area of 15,000 square miles, was formed by “ an 
ichor of granitic composition “ which rose almost vertically 
from the depths and granitized all rocks in its course. This 
ichor is thought to have been formed by “ differential re- 
fusion” of the oldest pre-Cambrian rocks, followed by squeez¬ 
ing out of the pore-liquor thus formed. “ This pore-liquor or 
ichor originated in the interstices of the mineral grains and 
extracted from the rocks the ingredients that were easily dis¬ 
solved and easily fused. . . . Driven by gravity and orogenic 
movements . . . this liquor slowly rose to higher levels, dis¬ 
solving, assimilating, or altering metasomatically every mole¬ 
cule of the subjacent rock masses. Thus was formed the 
Telemark granite.” 

In Chapter X we discussed the nature and composition of 
the residual fluid from crystallizing magma; this is the only 
“ ichor” of which we have any knowledge, and its amount is 
limited by the known solubility of water in molten granite* 
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The “ partial or complete thermal liquefaction ** which Back* 
lund postulates, and the “differential refusion” pictured by 
Barth, would not yield such an ichor. It is possible to study 
the partial melting of granite in some instances. Larsen and 
Switzer described a mass of granodiorite which was enclosed in 
andesitic magma and almost half melted; and other writers 
have recorded similar phenomena. In no case do the two 
liquids appear to have mixed together. The writer has studied 
granitic inclusions from the lava of Paricutin, the Mexican 
volcano which broke out in 1943. The inclusions have been 
melted to a considerable extent, forming a colourless interstitial 
glass. The olivine-basalt which envelops them has a base of 
deep brown glass. Where the two kinds of glass meet there is 
no sign of mixing, even on a microscopic scale, and the white 
glass has rough, jagged edges like a solid body. By no 
imaginable means could a “liquid ” of such extreme viscosity 
be separated from the associated crystals, or assume the charac¬ 
ters of a “ granitizing ichor.” 

A. Holmes (1) has gone further than others in calling upon 
emanations of unknown origin to account for the genesis of all 
kinds of eruptive rocks. He affirms that “ the granite magma 
can be adequately described as granitized sialic material in a 
more highly energized and mobile state than the surrounding 
migmatites or other more or less metasomatic rocks. If granite 
equals pre-existing sialic rock plus emanatiorts; and granite 
magma equals granite plus emanations; then, clearly, granitic 
magma disappears as a fundamental postulate and . . . only the 
emanations and their associated energy remain.” According 
to this hypothesis there could be no granite without pre-existing 
sialic rock; but without pre-existing granite could there be any 
sialic rock ? 

We come at last to the third hypothesis of the origin of 
granite, which is associated especially with the name of 
J. H. L. Vogt. In various publications since 1908, Vogt has 
maintained that granitic magma is of the nature of an eutectic 
residue, or at any rate a “rest-magma,” from the crystalliza¬ 
tion of the basic magma. In 1931 he was still convinced that 
“granitic magma is the final product of a long series of dif¬ 
ferentiations in the rest-magma direction,” but he offered no 
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opinion as to the mechanism by which the rest-magma became 
separated. 

The presence of interstitial micropegmatite, composed of 
quartz and alkali-feldspar, in many diabases has been held to 
support Vogt’s contention. As long ago as 1892, A. C. Lane 
asserted that the interstitial micropegmatite in diabase dykes in 
Michigan is the last product of the basic magma, and not a 
secondary material as others had claimed. In diabases of the 
Tholei type the place of micropegmatite is taken by a glassy or 
cryptocrystalline material. F. Walker was able to separate 
enough of this interstitial glass, from a Scottish “ tholeiite,” 
to have a complete chemical analysis made. The result is ex¬ 
pressed below in the form of the calculated mineral composi¬ 
tion. 


Entire Rock. Glassy Residue. 


Quartz 

. 7-6 

30-7 

Orthoclase 

. 12-2 

250 

Albite 

. 17-8 

20*4 

Anorthite 

. 17-5 

100 

Pyroxene 

. 25-5 

2-8 

Ores, etc. 

. 15-6 

2-9 

Water 

. 3-6 

8-7 


Since the glassy residue cannot possibly be a secondary pro¬ 
duct, Walker’s results amount to a complete demonstration 
that the residue from the crystallization of this very common, 
type of rock has actually the chemical composition of a granite. 
The high content of water should be noted. 

P. Eskola, starting from the logical postulate that 
“granite could not be formed by re-fusion of older material 
before the existence of something to be re-fused,” maintains 
that the earliest method of formation of granite must have been 
differentiation of the sima or basaltic layer of the earth crust. 
He is satisfied that the interstitial micropegmatite of diabasic 
rocks is the final product of the crystallizing magma, and he 
thinks that a certain amount of the residual liquor might be 
squeezed out, from the mush of crystals and liquid, by earth- 
movements. But he keeps a foot in the Sederholm camp too- 
claiming that there may be some degree of differential fusion 
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of crustal rocks when they are depressed in geosynclines. He 
thinks both processes have been active in forming the outer, 
granitic shell of the earth. 

H. H. Thomas and E. B. Bailey have brought to notice 
eleven instances of density-stratification in dyke-rocks on the 
island of Mull. Each dyke consists of gabbro passing up into 
granophyre. In the dyke which they have chosen as their 
typical example there is an upward transition from gabbro. 
consisting essenfially of plagioclase and pyroxene, through a 
dioritic rock containing two kinds of feldspar, to a pink rock 
composed of alkali-feldspar with subordinate quartz. The 
specific gravity of the gabbro is 3, that of the granophyre 
about 2*5. Thomas and Bailey contend that “ In such a high 
column of magma as these dykes represent, the gravitational 
pressure of the early crystalline phases on the still liquid 
residue would be considerable, and would in our opinion be 
quite sufficient to cause an upward filtration of the still fluid 
portion of the mass, and its ultimate intrusion as an entity into 
the uppermost part of the dyke-fissure.” 

Both A. Holmes (2) and C. N. Fenner have vigorously 
criticized this conclusion. They point out that the hypo¬ 
thetical granitic residual liquor could hardly have amounted to 
more than 6 or 10 per cent of the original magma, and they 
claim that a much greater deforming force than gravitation 
would be required to squeeze this residue out. They also 
point to the absence of rocks of intermediate composition and 
ask whv the expulsion of residual magma should invariably be 
delaved until the residuum has reached a granitic composition ? 

To this rhetorical question one can only make a suggestive 
reply. F. Walker’s analysis of the glassy residue of a tholeiite. 
already cited, shows a very high content of water; if 8*7 per 
cent of water was retained in the glass, it is likely that the 
residual magma held no less than this quantity of water. This 
would give it not only a low viscosity but also an extremely 
high vapour pressure; so high that actual boiling might be 
expected under certain conditions. The process of boiling or 
gas-streaming ” (as we called it on an earlier page) might 
cause the expulsion of some of the liquid residue from the in¬ 
terstices of the crystalline rock. If this be admitted as a possir 
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bility, it would explain the absence of rocks of intermediate 
composition, for the expulsion of the interstitial liquid would 
only begin when boiling set in; that is, at a very late stage 
in the crystallization of the system. 

In further criticism of the theory of Thomas and Bailey. 
Holmes asserts that there is no known example of an over¬ 
saturated lava on any of the basaltic islands of the Pacific. 
(Actually there are several records of rhyolite or quartz- 
trachvte on oceanic islands, as on the Marquesas, Tonga, 
Hawaii, Gambier, Easter, Samoa, St. Paul, St. Helena, 
Ascension, but the amounts are relatively insignificant.) How¬ 
ever, W. Q. Kennedy retorts that the tholeiite type of diabase 
or basalt, which is the type that gives granitic residua, is 
equally scarce on oceanic islands. The basalt of these islands 
is typically olivine-bearing and often olivine-rich, whereas 
tholeiite is either free from olivine or else it holds only a little 
olivine by reason of the non-completion of the Bowen-Ander- 
sen reaction. 

Now, although rhyolite is rare on oceanic islands, trachyte 
is commonly found there in small amounts, as on Ascension. 
St. Helena, Mauritius, Hawaii, Samoa; and it has always 
seemed impossible to explain this association except by the 
separation of residual liquid from crystallizing olivine-basalt. 
If such an idea is acceptable in the case of the basalt-trachyte 
association, why should it be unacceptable in the case of 
diabase and granophyre? The writer suggested some years 
ago that gas streaming (t.e., boiling) mav have been the cause 
of the separation of trachyte from basalt on the island of 
Mauritius. He would extend that suggestion to the case of 
gabbro and granophyre. The process pictured is a purelv 
mechanical expulsion of residual fluid by bubbles formed in 
the interstices of the crystal network when the vapour pressure 
reaches its highest value. It is not the same as the transfer¬ 
ence of material in the gaseous state, which has been discussed 
by C. N. Fenner. 


Out of this review of the evidence bearing upon the origin 
of granite, two facts emerge. One is that granitization, or the 
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conversion of sedimentary rocks into something that resembles 
granite, has taken place on an enormous scale in many parts of 
the world. The other is that the residual liquor from the crystal¬ 
lization of basaltic magma may approach granite in composi¬ 
tion. Furthermore, it appears that this granitic residue may 
on occasion become separated from basic rock and form semi¬ 
independent bodies of granophyre and red granite. The ques¬ 
tion arises whether it is possible to identify the feldspathizing 
“ ichor ** of one school of petrology with the “ residual liquor ” 
of the other ? The answer must be no, because the ichor that 
can (by hypothesis) granitize hundreds of square miles of sedi¬ 
ments must be enormously more plentiful than the residual 
liquor of all the known basic intrusives in the neighbourhood. 

To throw all responsibility for the widespread granitiza- 
tion of sediments upon a hypothetical ichor is not a satisfac¬ 
tory solution of the problem. Perhaps some of the phenomena 
that are attributed to the ichor are capable of a more prosaic 
solution; namely, the redistrihution of alkalis by connate water 
contained in the pores of the sediments. It has been demon¬ 
strated experimentally by P. W. Bridgman that a pressure 
equal to the weight of 17 miles of rock is not able to close all 
the pores in rocks. Some proportion of connate water must 
therefore be retained even in the deepest sediments. It may 
be heated and set into circulation by intrusive magma, and to 
a certain extent it may be activated by the fugitive constituents 
of such a magma; but perhaps the main effect of the circulating 
fluid may be the redistribution of matter that is already there.. 
rather than the introduction of new matter. 

It seems to the writer that we should do well to keep an 
open mind for a little longer, as regards the origin of granite. 
While freely admitting the reality of granitization (in the sense 
of Grout’s definition), we should beware of attaching a miracu¬ 
lous potency to “ichors” and “emanations.” We do not 
explain one mystery by substituting another for it. Palin¬ 
genesis remains a hypothesis, but rhyolitic magma is a fact. 
For the present, the wisest procedure is to follow the petrolo- 
gists of last century and admit the existence of two kinds of 
“granite,” respectively eruptive and metamorphic. Concern- 
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ing these we quote the words of Ferdinand Zirkel, written in 

1876 

“ The granites of the Fortieth Parallel are doubtless partly eruptive 
rocks, which have broken through sedimentary strata of a different geologi> 
cal age, and in part dependencies of the old crystalline schists, alternating 
with gneisses, etc., and showing no sign of eruptive character. What¬ 
ever may be the origin of the crystalline schists, that of the accompanying 
granites must be the same. According to the most favorite theory, these 
granites that are not eruptive, and are at the same time generally strati¬ 
fied, should be called metamorphic granites.** 

Even that staunch protagonist of granitization, H. H. 
Read, admits at the end of his meditations that there may be 
“ granite and granite.” 


The Occurrence and Genesis of Rhyolite 

We have already quoted a well-known computation by 
R. A. Daly, which shows that oversaturated plutonic rocks 
form something like ninety per cent of the area of all the deep 
seated rocks of the United States of America, whereas over¬ 
saturated lavas make up only twenty-three per cent of the 
volcanics. For gabbro and basalt (including both olivine-free 
and olivine-bearing types) the position is reversed, because 
gabbro, anorthosite and diabase together account for no more 
than ten per cent of the plutonic rocks, while seventy-five per 
cent of the volcanic rocks are either basalt or pyroxene-andesite. 
Geological considerations make it easy to understand why a 
particular kind of lava should cover a greater area than the 
corresponding kind of plutonic rock, but hard to conceive why 
it should cover a smaller area. If all granitic rocks were pre- 
Cambrian and all basalts Tertiary, an explanation might be 
found in terms of erosion; but the Jurassic granites of the 
Sierra Nevada and the Coast Range, and the pre-Cambrian 
anorthosites of Quebec and New England, make such an 
explanation untenable. 

The data quoted above contain a very definite suggestion 
that the extrusion of rhyolitic lava is not necessarily connected 
with the intrusion of a body of granite. We have already 
discussed the possibility that some granite may be derived from 
the residual fraction of a body of crystallizing sima or basaltic 
magma; if so, then some rhyolite may have a similar origin. 
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There is abundant evidence of a close connection in time as 
well as in space between rhyolite, andesite and basalt. H. S. 
Washington has furnished several instances of this associa¬ 
tion ; notably (1) at Monte Arci, Sardinia, where rhyolite was 
followed by andesite and basalt, and (2) in the Lipari islands, 
where the earliest eruptions were basaltic, the later ones 
andesitic, and the youngest rhyolitic. At Steens Mountain. 
Oregon, it appears from the work of R. E. Fuller that basalt 
was followed by rhyolite, dacite and andesite, and the series 
ended with a recurrence of olivine-basalt. In the Newberry 
volcano, Oregon, H. Williams established the following suc¬ 
cession of flows :— 

6. Rhyolite (in south wall only) up to 1000 feet thick. 

5. Basalt (in north and east walls) ,, 450 ,, ,, 

4 and 3. Basalt and andesite ,, 500 ,, ,, 

2. Rhyolite ,, 400 ,, ,, 

1. Basalt ,, 2000 ,, „ 

M. C. Bandy has lately described the petrology of Easter 
Island, in the east-central Pacific. The youngest volcanic 
product of this typically basaltic island is an acid obsidian, 
which Bandy estimates to form only 0 02 per cent of the amount 
of basalt. 

Such evidence as this compels one to admit that basalt and 
rhyolite may have a common origin, in* which case it must 
follow that the rhyolite was derived from a basaltic parent, 
since the converse is clearly impossible. Whether the process 
was identical with one of those which we have already dis¬ 
cussed in connection with the gabbro-granophyre association, 
or whether an explanation can be found in terms of assimila¬ 
tion of siliceous crustal material, as A. Holmes (2) argued very 
cogently in 1931, we have no means of deciding. 
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It is just as important to eliminate this theory or that 
as it is to support this theory or that, —^R. A. Millikan. 

CHAPTER XVI 

THE SATURATED (AND SLIGHTLY OVER- 
SATURATED) ROCKS 

OCCURRENCE AND GENESIS 

A SATURATED rock is one which contains neither free silica nor 
any unsaturated mineral such as nepheline or olivine. Since 
saturation with silica is just an intermediate stage between over- 
saturation and undersaturation, saturated rocks ought to be 
relatively scarce. Many rocks have been described as syenite, 
monzonite, or diorite which actually contain ten to twenty per 
cent of quartz; and many gabbros, diabases and basalts have 
either a little interstitial quartz or a good deal of olivine. 

A small quantity of an unsaturated mineral is easy to 
recognize, for olivine stands out in high relief in thin sections 
and the presence of feldspathoids is most easily demonstrated 
by staining (S. J. S., 1); but quartz in small quantity is less easy 
to recognize and it may be present to the extent of several units 
per cent without being detected under the microscope. In a 
hypocrystalline rock any excess of silica tends to be retained in 
the glassy base, where it cannot be detected without chemical 
analysis; and even when a complete analysis is available the 
calculation of the mineralogical composition presents difficul¬ 
ties. The norm is no safe guide to the presence or absence of 
quartz, for in consequence of the method of computation quartz 
may appear in the norm, although it is entirely absent from the 
rock. 

For these reasons it is difficult to apply the saturation 
criterion strictly as regards the presence or absence of quartz. 
A further consideration is that we could not apply it strictly 
without redefining certain names such as syenite, monzonite 
and diorite, and it is clear that the majority of petrologists are 
not prepared for such a change. Under these circumstances 
we can only continue to use these names in a loose way, but 
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we should try to avoid using them so loosely that they have 
no definite mineralogical or chemical significance at all. There 
can be no justification for giving the name syenite to a rock 
with 25 per cent of quartz, or even with 16 per cent of quartz. 
When the proportion falls as low as 10 per cent, the quartz is 
interstitial and not easy to see without the microscope; under 
these conditions the name quartz-syenite may be acceptable. 
It is proposed, then, to discuss along with the saturated rocks 
those transitional varieties in which the proportion of quartz or 
free silica does not exceed 10 per cent. (The presence of this 
small amount of quartz in any particular rock may be indicated 
by writing a small letter o in place of the capital letter in the 
symbol of the rock.) 

But as regards the lower boundary of the class there should 
be no concession to a careless custom. The state of exact 
saturation with silica marks a phase-boundary in the system, 
at which one characteristic phase has just disappeared and 
another is just about to appear; the presence of the smallest 
recognizable quantity of any unsaturated mineral such as 
nepheline or olivine indicates the crossing of the boundary and 
justifies, or even demands, a change in the name of the rock. 

The Occurrence and Genesis of Syenite 

The majority of syenites are either marginal modifications 
of great bodies of granite, or else they rise in the form of 
dykes, stocks or cupolas from the roof of a concealed granite 
batholith. Thus the Plauen and Meissen syenites of Saxony 
are local phases of the Meissen granite; the granite of Upsala, 
Sweden, passes locally into syenite; the Beverly syenite in 
Massachusetts is a facies of the Quincy granite; the Vermilion 
granite in Minnesota has a syenitic border facies; and the 
syenite of Bulawayo, Rhodesia, forms a lobe of the Matopo 
granite. In some instances, however, syenite forms a mar¬ 
ginal facies about a foyaite intrusion; this is the case at 
Umptek, in the Kola Peninsula, and Pilansberg, Transvaal. 
In the Haliburton-Bancroft district of Ontario, syenite is asso¬ 
ciated with granite and foyaite and is transitional into both 
rocks. A transition from granite through syenite into foyaite 
has been reported at French River, Ontario; at Ditr6, 
Roumania; and at Ilimausak, Greenland. 
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Fig. 38. Syenitic marginal facies and stocks of syenite around the Vermilion batholith, Minnesota—Ontario. 

(F. F. Grout.) 
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The syenite of the Adirondack Mountains, New York 
State, is associated with anorthosite and R. Balk regards it as 
the “ mother liquor *’ left behind by the removal of labradorite 
crystals from a gabbroic magma when in the state of a “ crystal 
mush.” But W. J. Miller (1) says emphatically that he 
has never found any proof that either syenite or granite is a 
differentiate of anorthosite in this region, and he claims that 
where apparent transition is seen it is due to assimilation of 
anorthosite by a younger granitic-syenitic magma. A. F. 
Buddington also takes this view of the matter. 

Small stocks and bosses of syenite are not uncommon in 
the neighbourhood of larger granite intrusions. In a belt 
about 10 miles wide around the Vermilion batholith, F. F*. 
Grout indicates at least half a dozen such stocks at Rainy 
Lake, Poohbah Lake, Snowbank Lake, Kekequabic Lake, and 
Vermilion Lake {Fig. 38). The average diameter of these 
stocks is not more than five miles, and some of them include 
shonkinitic and foyaitic rocks as well as syenite. In the Trans¬ 
vaal the consolidation of the red granite of the Bushveld Com¬ 
plex was followed by the eruption of syenitic magma through 
vents and fissures, as at Leeuwfontein, near Pretoria. 

The Monteregian Hills in Quebec are formed by nine 
small stocks or laccoliths which are in the main syenitic in 
composition. Brome Mountain, the largest of the group, is a 
laccolith covering 30 square miles; Shefford Mountain covers 
9 square miles; the others are bosses of 3 square miles or less. 
Intrusives of the same geological type and similar petrographic 
character reappear in New England; J. E. Wolff enumerates 
five in New Hampshire, three in Vermont, and two in Maine. 
The syenite is associated with foyaite and other rocks, and in 
no instance does the syenitic facies occupy more than six square 
miles. 

In most of these cases it is impossible to doubt that the 
syenite existed as a magma; at Leeuwfontein, for instance, the 
syenite is associated with lavas of its own composition. But 
H. Ebert claims that the well-known syenite of the Plauenscher 
Grund, near Dresden, was formed by an accumulation of feld¬ 
spar crystals from the adjoining Meissen granite magma, and 
that only the cementing matter between the feldspar crystals 
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represents the original fluid. F. L. Amm has formed a similar 
opinion regarding the genesis of the syenite at Bulawayo, 
Rhodesia, in which the proportion of large feldspars to 
groundmass is excessive. It is not unlikely that the mechani¬ 
cal accumulation of crystals may have played a part in the 
genesis of certain other syenites, particularly those with 
prominent banded structure and parallel texture. 

In a remarkable instance described by O. H. Erdmanns- 
dorffer in the Harz Mountains it is claimed that pyroxene- 
syenite has been formed by partial refusion of trachytic tuff, 
the necessary heat being supplied by an intrusion of gabbro. 

The evidence cited above regarding the occurrence of 
syenite should be enough to prove that there can be no inde¬ 
pendent body of syenitic magma in the lithosphere. Syenite 
has generally been formed from granitic magma that has 
undergone desilication and contamination, though in some 
cases it may perhaps represent a residual product from the 
crystallization of gabbroic magma. The problem of the origin 
of syenite by desilication of granitic magma will be taken up in 
a later chapter, in connection with the genesis of feldspathoidal 
rocks. The whole amount of syenite in the lithosphere is in¬ 
significant in comparison with granite or gabbro. 

The name shonkinite was given by W. H. Weed and 
L. V. Pirsson to a melanocratic syenite at Shonkin Sag, 
Montana, which was described by them as consisting of 
“ nearly equal volumes of augite and orthoclase.’* A little 
nepheline or sodalite is present in some facies of this rock, but 
the name should be used with the meaning given to it by Weed 
and Pirsson. Other rocks of this character have been described 
under the name shonkinite in Montana, Minnesota, British 
Columbia, the Ural Mountains and the Transvaal; so we may 
regard shonkinite as the accepted name for mesotype and 
melanocratic syenites. Shonkinite is typically a transitional 
facies between syenite and pyroxenite and it is probably due to 
a purely local enrichment of the syenite magma with pyroxene 
crystals. There are no lavas of shonkinitic composition. The 
chilled marginal phase of the shonkinite at Shonkin Sag is a 
dense rock of basaltic appearance; it contains more soda and 
potash than the shonkinite, and less lime, magnesia and iron, 
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and it formed leucite in cooling. This is a clear demonstration 
that the shonkinite was not formed from a magma of its own 
composition. 

The Occurrence and Genesis of Trachyte 
This is a general name given to lavas of syenitic composi¬ 
tion. Trachyte is certainly commoner than syenite, but it is 



Fig. 39. Trachyte plugs and flows in the dominantly basaltic cone of 
Ascension Island. (R. A. Daly.) 


difficult to form a numerical estimate of its importance in the 
lava-fields of the world. Quartz-bearing trachytes and their 
tuffs cover a very large area in Kenya, where they have a 
visible thickness of at least 800 feet in the walls of the Great 
Rift Valley. They are associated with phonolite and olivine- 
basalt. Erosion has sometimes exposed underlying plugs of 
syenite-porphyry which occupy the site of vents from which 
the trachyte was extruded (S. J. S., 2). Trachyte is widely dis¬ 
tributed among the volcanic rocks of the Rocky Mountains and 
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the Great Basin, especially in Montana, Wyoming^, Utah’ and 
Nevada, but little can be said regarding its genesis there. Of 
greater interest are those localities where trachyte is associated, 
in quite small bulk, with enormous effusions of basalt. This 
association is well known in the Auvergne district, France; 
in the western islands of Scotland; and in Iceland. It is still 
more striking to find the association of trachyte with olivine- 
basalt on oceanic islands such as Samoa, Tahiti, Hawaii; 
Mauritius, Reunion, Kerguelen; St. Helena, Ascension, Cape 
Verde Islands; because in these cases it is hardly possible to 
doubt R. A. Daly’s contention that trachyte is a derivative of 
basaltic magma. Daly (1) points out that trachyte, in these cir¬ 
cumstances, characteristically fills narrow pipes or subsidiary 
vents which rise through thick 'piles of the dominant basalts; 
that the trachyte magma must have been fully liquid, since 
it has sometimes given rise to trachytic obsidian; that the 
trachyte appeared at a late stage in the history of the volcano; 
and that many effusions of trachytic magma have been imme¬ 
diately preceded by more or less violent expulsion of gas. 
It has seemed to the writer that the last of these observations 
may afford a clue to the meaning of the basalt-trachyte asso¬ 
ciation. He has supposed (S. J. S., 3) that violent evolution 
of gas may have driven the residual fluid out of the interstices 
of the largely crystallized basaltic magma beneath the volcanic 
vent, and caused it to be extruded independently. Since the 
residual fluid from tholeiitic (olivine-free) basalt has a rhyolitic 
composition (see page 261), it is not unreasonable to assume 
that the “ rest magma” of olivine-basalt will be distinctly less 
siliceous. We conclude that trachyte may either be connected 
with syenite underground, as in Kenya and the Transvaal, or 
it may be derived directly from underlying olivine-basalt. 

The trachyte domes of Ascension and St. Helena were 
ably described by R. A. Daly; those of Maui and Samoa have 
been studied recently by Stearns and Macdonald. 

The Occurrence and Genesis of Monzonite and Diorite 

The names monzonite and diorite have been used so 
loosely that it is difficult to establish any generalization about 
rocks so named. Monzonite was originally a collective name 
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used by de Lapparent for all the pla^ioclase-bearinjsf rocks 
found at Predazzo and Monzoni, and one cannot expect a 
pfeo^raphical name to have a precise mineralogical significance. 
Some so-called monzonite is syenite, some is diorite, and some 
is tonalite. Of the so-called diorites some hold 30 or 40 per 
cent of quartz and some hold two to four times as much ortho- 
clase as plagioclase; these are no diorites at all, but granites, 
granodiorites and tonalites. It is certain that monzonite and 
diorite, according to any strict mineralogical definition, are 
much less common than one would gather from the frequency 
with which these names are used in geological publications. 

As regards the genesis of monzonite and diorite, we turn 
again to the observations of H. H. Thomas and W. Campbell 
Smith on the inclusions in the granite of Tr4gastel, Brittany, 
which we discussed in Chapter V. This granite has broken 
through a body of olivine-norite, enclosing pieces of it which 
have reacted with the granitic magma. The olivine and hypers- 
thene have been replaced step by step by clinopyroxene, horn¬ 
blende, and biotite, while the plagioclase has been pro¬ 
gressively enriched with albite, with the consequence that the 
enclosures have every possible mineralogical composition be¬ 
tween that of norite and that of granite. The intermediate 
types are indistinguishable from diorite and monzonite. The 
possibility is definitely indicated that some bodies of monzonite 
and diorite may be hybrid rocks. 

Observations in every way similar to those just mentioned 
have been made by A. K. Wells and S. W. Wooldridge in the 
island of Jersey. A granitic magma has incorporated blocks 
of gabbro and has reacted with them, transforming them into 
apparent diorite. More complete evidence is available in Glen 
Dubh, Arran, where A. Harker (in 1903) and G. W. Tyrrell 
(in 1928) have described a zone of dioritic “ mixture-rocks ” 
between gabbro and granite. This zone includes rock types 
that are clearly xenolithic and hybrid, also homogeneous diorite 
and quartz-diorite in which no trace of mixture or hybridism 
can be detected. According to Tyrrell “ the petrographic evi¬ 
dence renders it probable that the pure, homogeneous diorite 
and quartz-diorite are the final results of the complete solution 
of the gabbroidal rocks within the granite magma. All stages 
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in the process can be studied in the field and under the micro¬ 
scope/* 

M. MacGregor claims that a body of homogeneous quartz- 
diorite, near Dalbeattie, Scotland, was formed by the 
“ granitizatiort ** of sedimentary hornstones. Some degree of 
granitization (see Grout’s definition on p. 266) may readily be 
admitted, but the evidence that all the quartz-diorite was formed 
in this way fails to carry conviction. The possibility is not 
excluded that thte quartz-diorite is a contaminated facies of the 
granodiorite magma that followed it. 

The monzonite of the type locality in the Tyrol is a very 
variable rock, including syenitic, dioritic and gabbroidal facies. 
All are pyroxene-bearing, but the more siliceous types contain 
hornblende and biotite in addition. These rocks fall into place 
in a series of intrusions and extrusions which W. C. Brogger 
summarizes as follows :— 

(1) basic dykes and flows (diabase and basalt); 

(2) basic plutonics (pyroxenite, passing into gabbro- 
diabase and monzonite); 

(3) monzonite with dioritic and syenitic facies; 

(i4) biotite-granite; 

(6) dykes of camptonite and liebenerite (pseudo- nepheline) 
porphyry. 

The rocks are intrusive into Triassic crystalline limestone, 
and since the youngest dykes are undersaturated with silica, 
the possibility that the granite magma has reacted with lime¬ 
stone must be admitted. 

F. Walker and C. F. Davidson have described diorite and 
monzonite, ranging from leuoocratic to highly melanic varie¬ 
ties, which form marginal facies of the Dorback granite in the 
central Highlands of Scotland. The rocks are intimately asso¬ 
ciated with a body of crystalline limestone, and it is suggested 
that the melanocratic diorite and monzonite are due to con¬ 
tamination of the granite magma by assimilation of limestone. 
The circumstances are thus very similar to those at Monzoni. 

Considerable interest attaches to the description by D. L. 
Reynolds of diorite and monzonite of hybrid origin at the 
eastern end of the Newry granodiorite mass, in northern Ire¬ 
land, as described in Chapter IX. These hybrid rocks sur- 
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round and grade into a body of biotite-pyroxenite, from which 
they have undoubtedly been formed, although there is a differ¬ 
ence of opinion as to the details of the process. The evidence 
is open to more than one interpretation; but the description of 
the hybrid rocks is admirably complete and the phenomena 
have a direct bearing on the origin of diorite and monzonite 
in other regions. 

In the Cortlandt complex of New York State, hornblende 
diorite forms a marginal facies between norite and the acid Man¬ 
hattan schist, and holds many enclosures of the latter (G. S. 
Rogers; S. J. S., 4). Some assimilation of schist has taken 
place, but the chemistry of the reaction still awaits study. 

These instances sliould serve to show that an origin by 
assimilation or hybridism is more than likely for all occur¬ 
rences of diorite or monzonite. This is indeed to be expected, 
because all occurrences of these rock are of small dimensions. 
The entire monzonite syenite-diorite complex at Monzoni, 
which has played such a large part in petrographic literature, 
actually has an area of only two square miles. The diorite of 
the Cortlandt complex covers about the same area, forming no 
more than one-tenth of the intrusive body to which it belongs. 
The diorite of Garabal Hill occupies two and one-half square 
miles; the granite with which it is associated covers 
five times this area (Dakyns and Teall). The diorite stock at 
Mount Ascutney, Vermont, in which hornblende-mica-diorite 
is connected by all gradations with typical gabbro or diabase, 
occupies only 4 square miles (R. A. Daly, 2). One cannot 
assume an independent origin for such insignificant bodies of 
monzonite and diorite, any more than for similar bodies of 
syenite. 

Three distinct modes of origin are suggested by the in¬ 
stances described above ; one by reaction between acid magma 
and basic eruptive rock; another by reaction between acid 
magma and limestone; and a third by reaction between basic 
magma and acid country rocks. Still another possibility is 
suggested by the observations of J. L. Gillson in the Pioche 
district of Nevada. Gillson shows that a magma which began 
to consolidate as norite was attacked by solutions (gases ac¬ 
cording to Gillson) which brought about a replacement of 
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pyroxene by ampliibole and of plagioclase by orthociase. 
resulting in the formation of quartz-monzonite. Perhaps these 
solutions were the forerunners of an underlying body of 
granite; if so, this mode of origin is not really different from 
the one first mentioned. 

The Occurrence and Genesis of Andesite 

We have seen that rhyolite at the surface of the earth 
is not necessarily connected with granite underground, or 
trachyte with syenite. We may safely add that the appear¬ 
ance of andesite on the surface is no proof of the existence 
of diorite in depth. It is difficult to discuss the genesis of 
andesite on account of the very loose way in which the name 
has been used by different writers. The andesite of Zirkel was 
a rock containing any kind of plagioclase together with either 
hornblende or biotite. The andesite of Rosenbusch contained 
any kind of dark mineral, together with a plagioclase not more 
calcic than andesine. Some petrographers have followed 
Zirkel, some Rosenbusch, and some have distinguished 
andesite from basalt by the silica percentage only. 

The well-known computation by R. A. Daly (3), of the 
areas occupied by different kinds of rock in the United States 
of America, shows pyroxene-andesite to be more than a hun¬ 
dred times as abundant as the hornblende and mica-andesites. 
It is actually the commonest extrusive rock in the country, 
only basalt being comparable with it. The hornblende-mica 
andesites are nearly as scarce as trachyte, with which they are 
commonly associated in the field. These points suggest that 
Zirkel, in separating the hornblende-mica rocks from the 
pyroxene rocks, came nearer to a natural classification than 
Rosenbusch did. 

If trachyte may be a differentiate from basaltic magma, 
one cannot deny the same possibility in the case of andesite. 
Yet Daly makes the significant observation that sills which 
exhibit gravitational differentiation of basaltic magma seldom 
(perhaps never) show any andesitic facies. This is not hard to 
understand. If andesite (in the Rosenbusch sense) were to be 
formed from basaltic magma by crystal settling, it would be 
necessary for the early-formed plagioclase crystals to sink to 
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the bottom along with some of the augite, leaving the liquid 
relatively richer in albite. Now the sinking of augite has been 
demonstrated beyond doubt — for instance, in the Palisade sill 
(page 147;—but the sinking of plagioclase has never been con¬ 
clusively demonstrated in any intrusive rock. If the plagio¬ 
clase floated instead of sinking, the result would not be andesite 
but only a more feldspathic basalt, as at Kijabe (page 143). The 
separation of crystals from basaltic magma is therefore not a 
likely way for andesite to be generated. The expulsion of 
residual fluid from partly crystallized basalt is not any more 
likely; we have seen that trachyte and even rhyolite may have 
been formed in this way, but there is no held evidence which 
suggests such a mode of origin for andesite. The probable 
conclusion, therefore, is that the production of pyroxene- 
andesite depends upon the acidification of basaltic magma by 
reaction with the siliceous rocks of the continental regions. 
But hornblende-andesite and biotite-andesite may result from 
contamination of acid magma, just as some diorite does. It is 
not without significance that cordierite, a typical product of 
contamination, has been found in certain andesites; for in¬ 
stance, by H. A. Brouwer in the island of Ambon, East Indies. 

The Occurrence and Genesis of Gabbro, Norite, 
Anorthosite and Diabase 

Gabbro, norite and anorthosite are sometimes found in 
enormous intrusions almost comparable with the great granite 
masses. The norite of the Bushveld complex, with an area of 
nearly 20,000 square miles, is one of the largest intrusions in 
the world. The anorthosite intrusions of eastern Canada 
occupy about 60,000 square miles of the surface of Quebec and 
Labrador. F. D. Adams has estimated the area of the 
Saguenay mass to be 5,800 square miles, and the Morin mass 
1,000 square miles. The Sudbury gabbro in Ontario covers 
500 square miles; and K. S. Fowler has described “ four hun¬ 
dred square miles of labradorite rock’* in the Laramie 
Mountains of Wyoming. The gabbro and norite intrusions of 
north-east Scotland have a total area of about 1,000 square 
miles, but if they form one huge sill, as H. H. Read supposes, 
then the area may be fully ten times as great. 
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Although their extent is so considerable, it has been 
definitely established that many of these intrusions have the 
form of laccoliths or lopoliths, not that of batholiths; conse¬ 
quently the volume of rock contained in any of them is much 
less than that in a batholith of the same area. The Bushveld 
norite is a lopolith with a probable thickness of three miles, the 
Sudbury gabbro is also a lopolith and about two miles thick. 
Even the Canadian anorthosites are considered to be lacco- 
lithic in form, and the Adirondack intrusion to be a floored 
sheet. The numerous masses of norite in the charnockite series 
of India are described by H. H. Holland as lenses and thick 
dykes. 

In striking contrast to many granite batholiths (Daly 
batholiths) which are almost constant in composition and tex¬ 
ture over large areas, these great intrusions of plagioclase- 
rocks often show extreme variability. By diminution of the 
dark minerals leucocratic facies are developed, which pass into 
the almost wholly feldspathic anorthosite; the converse process 
gives melanocratic gabbros and pyroxenes, formed almost 
entirely of pyroxene or pyroxene and ore. Or, again, the 
pyroxene may change its character from monoclinic atigite or 
diallage to ortho-pyroxene, giving rise to norite. Hornblendic 
facies and facies containing olivine may also be developed, as 
well as relatively acid, dioritic or syenitic bands. 

But gabbro also makes its appearance in a more fine¬ 
grained form which is as remarkable for its uniformity as the 
coarse variety for variability. This is the so-called diabase or 
dolerite which has a world-wide distribution in the form of 
dykes and sills. Although this variety of gabbro is common 
in every country from Spitzbergen to Antarctica, it is displayed 
on the most spectacular scale in the Permo-Triassic rocks of 
South Africa, where A. L. du Toit has said that “one can 
never get out of immediate sight of dolerite “ within an area 
of more than 220,000 square miles. Individual sills are often 
100 to 300 feet thick, and an exceptional sheet in East Griqua- 
land, which is so coarse-grained as to be largely gabbro, 
reaches 3,000 feet in thickness. Du Toit considers that the 
volume of rock in this sill alone may have exceeded 300 cubic 
miles. Rocks in every way similar to these South African 
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dolerites are developed under identical geological conditions in 
South America, India, Tasmania and South Victoria Land 
(Antarctica). The average composition of all such rocks is 
about: labradorite 40-50, augite 30-40, orthoclase 0-6, quartz 
0-6, olivine 0-6, ore 2-10 per cent. 

The remarkable chemical and mineralogical resemblance 
between the dolerites and diabases of widely separated localities 
suggests a common parentage for all of them and invites us to 
believe in the existence of a primary world- magma of gabbroic 
composition. We shall return to this question after we have 
given some consideration to the basalts, which are the extrusive 
members of this great group of rocks. 

Within the gabbro group, the norites and the anorthosites 
present their own special problems. The name norite was 
originally given to a Norwegian hornblende-gabbro, but in the 
course of time it has been transferred to gabbros containing 
rhombic instead of monoclinic pyroxene. Many large in- 
trusives consist partly of gabbro and partly of norite; this is 
the case, for instance, in the Bushveld complex, where mono¬ 
clinic pyroxene predominates in the upper part of the “ norite 
sheet and rhombic pyroxene in the lower. In other instances a 
body of gabbro or olivine-gabbro passes peripherally into 
norite. Such a case was described by A. Lacroix at Le Pallet, 
France. The gabbro mass, measuring five miles by three, is 
intrusive in a series of mica schists. Towards its margins tlie 
gabbro becomes finer in grain and turns into a micaceous norite 
holding more or less quartz and cordierite. In part this 
cordierite-norite holds enclosures of schist which show every 
stage of transformation into norite. Lacroix claims, accord¬ 
ingly, that the norite is a modification of the gabbroic magma, 
produced in consequence of assimilation of schist. 

The chemistry of the process is simple. When alumina is 
added to a magma containing the cpmponents of plagioclase 
and diopside (CaMgSiaO*) it combines with calcium silicate to 
form anorthite which goes into the plagioclase. Magnesium 
silicate is therefore left over, and crystallizes independently as 
orthopyroxene. When all the lime has been precipitated as 
anorthite, any excess of alumina is free to combine with mag¬ 
nesia and form biotite or cordierite. 
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I'he observations made by Lacroix were soon repeated by 
A. IM. Wincheil at Snowbank Lake, Minnesota, and led 
Winchell to the same conclusion regarding the generation of 
the norite facies. In north-east Scotland, W. R. Watt and 
H. H. Read found other instances of gabbro bordered by 
cordierite norite, and Read has described the evidence in full 
detail. There can be no doubt that these oordierite-bearing 
norites have been produced by contamination of normal gab- 
broic magma; whether this is true of all norite is a more diffi¬ 
cult question. Read says *'if there were not so many slates 
there would not be so many norites ”; but Bowen (3) is more 
cautious and will admit only that '' the formation of norite and 
of pyroxenites characterized by orthopyroxene . . . may be 
facilitated ** by reaction between gabbroic magma and alumin¬ 
ous sediments. It is certainly difficult to believe that all the 
vast amount of orthopyroxene contained in the pyroxenites of 
the Bushveld complex and the Great Dyke of Rhodesia can 
have been produced by this reaction. 

The problem of the genesis of anorthosite is also a baffling 
one. According to the original definition, anorthosite consists 
“almost entirely of plagioclase.** Some anorthosite has as 
little as 3 per cent of dark minerals, but the name has gradually 
been extended to rocks with 10, 20, and even 30 per cent of 
pyroxene, hornblende, ilmenite, epidote or garnet. Every 
known body of anorthosite seems to be associated with ordi¬ 
nary gabbro or norite, and there is a complete gradation from 
the former into the latter. Yet it is remarkable that although 
gabbro and norite are freely intruded in the form of dykes 
among other rocks, and are represented in the extrusive form 
by the very abundant basalts, yet dykes of anorthosite are rare 
and lavas of similar composition are almost unknown. N. L. 
Bowen (3) contends that no such thing as an anorthosite magma 
ever did or could exist, basing his argument on the high melt¬ 
ing point of the lime-rich plagioclases, and that all anorthosite 
rocks must have been formed' by the separation of plagioclase 
crystals from gabbroic magma. Bowen conceives that in such 
a magma the heavy phases such as pyroxene will first sink 
to the bottom of the magma-chamber, forming a basal sheet 
of pyroxenite, and that when the residual magma is sufficiently 
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lightened by tliis process tlie plagioclase crystals will also 
sink and give rise to a body of anorthosite, leaving the upper¬ 
most portion of the magma with syenitic or granitic composi¬ 
tion. N. H. Winched, too, believed in the formation of anor¬ 
thosite by the local accumulation of plagioclase crystals, but 
he considered the gabbro magma at Duluth to have been denser 
than the crystals, which accordingly floated upward and 
formed bodies of anorthosite near the roof of the intrusive. 
F. F. Grout formed the same opinion at Pigeon Point, 
Minnesota; and W. Larsson maintains that in the Nygard 
pluton, in Sweden, hypersthene crystals sank while plagioclase 
crystals floated. R. Balk has pictured the formation of 
anorthosite in the Adirondacks as a consequence of friction 
between the magma, the suspended labradorite crystals, and 
the walls of the channels through which the magma rose. In¬ 
creasing friction is supposed to have retarded the movement of 
the suspended crystals, causing them to gather together in clots 
which gradually grew to be bodies of anorthosite. 

On the other hand we have the contention of W. J. Miller 
that the sinking of pyroxene crystals, in the gabbro magma of 
the Adirondacks, left a viscous but still fluid plagioclase 
magma which crystallized as anorthosite. Miller claims that 
dykes of anorthosite are to be found in the region, and he has 
since described dykes of “ nearly pure plagioclase-anorthosite ” 
in Los Angeles County, California. F. L. Lessing is also con¬ 
vinced of the existence of anorthosite magma and claims that 
the occurrence of gabbro with anorthosite and pyroxenite bands 
makes it necessary to admite the existence of anorthosite and 
pyroxenite in the fluid state. K. S. Fowler maintains that the 
anorthosite of the Laramie Mountains in its earliest stages, 
“ consisted of a viscous magma in the process of crystallization 
and intrusion.** J. M. Harrison has found inclusions of crystal¬ 
line limestone, surrounded by reaction-rims, in the Wilkinson 
anorthosite of Ontario. J. B. Mawdsley has described a body 
of andesine-anorthosite in the St. Urbain district of Quebec 
which surrounds a central body of labradorite-anorthosite and 
encloses isolated blocks of it. This evidence clearly indicates 
fluidity in the andesine-anorthosite; yet as Bowen (2) points 
out, it is not necessary that it should have been entirely or even 



284 


ERUPTIVE ROCKS 


largely liquid. It might have been a mush of andesine crystals 
with 20 or 30 per cent of residual liquor from which orthoclase 
and hypersthene (of which the rock contains 10-15 per cent) 
crystallized at a later stage. 

Bowen certainly seems to have the better of this argument, 
and until somebody discovers a lava with the composition of 
anorthosite it will be diflScult to believe in the existence of a 
completely liquid plagioclase magma. The foliation of many 
anorthosites, and the protoclastic microtexture which is so 
characteristic of many of them, are more easily explained by 
movement of a mush of liquid and crystals. 

The Occurrence and Genesis of Basalt 

We have seen that the extrusion of rhyolite, trachyte or 
even andesite is not necessarily connected with the intrusion of 
plutonic rocks of the same composition. But the extrusion of 
basalt is so clearly connected with the intrusion of sills and 
dykes of diabase, with which it is virtually identical in com¬ 
position, that there can be no doubt of their common origin. 
Where the Parana basalts have been removed by erosion, in 
southern Brazil, the underlying sediments are cut by extra¬ 
ordinary numbers of dykes and sills of diabase (C. L. Baker). 
The same relation is seen in South Africa, the magma that 
formed the Stormberg basalts having also given rise to the 
Karoo dolerites. In the same geological period, extrusion of 
basalt and intrusion of diabase went on together in India and 
in the eastern United States, where the Watchung basalts are 
the surface expression of the same magma that formed the 
Palisade diabase underground. 

The quantity of lava emitted in fissure eruptions is enor¬ 
mous. In the region that is now the Deccan, in India, 200,000 
square miles of the surface were flooded with basalt to a maxi¬ 
mum depth of 6,000 feet. The Columbia River basalts of 
Idaho and Oregon are spread over an even greater area and 
range from two thousand to four thousand feet in thickness. 
According to C. L. Baker, the area covered by basaltic lavas 
in the Parana basin. South America, may be as great as the 
combined areas of the Deccan and Columbia River lava fields. 
Assuming an average thickness of 1,000 feet, Baker computes 
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the volume of basalt extruded in this region to have exceeded 
60,000 cubic miles. 

These “ plateau basalts ” are in the main saturated rocks, 
although individual flows may contain either olivine or free 
silica. According H. S. Washington the Deccan basalts are 
typically free from olivine and hold a small excess of silica. 
C. L. Baker reports that the lavas of the Parana basin range in 
composition from andesite and olivine-free basalt to limburgite 
with abundant olivine. The mineralogical composition of the 
Deccan basalts, calculated from Washington’s data, is roughly 
as follows:—quartz 2-5, orthoclase 5-7, labradorite 40-50, 
pyroxene 30-40, iron ores up to 12 per cent. Quite similar 
data are given for the Columbia River basalts and for the 
basalts of Iceland and the Faroe Islands (A. Holmes). 

The question arises whether a magma that is so abundant, 
so widespread, and so uniform in composition is a primary one, 
or whether it has itself been derived from something still more 
fundamental. The only other magma that could possibly 
come into question is the olivine-basalt magma that appears to 
underlie the great oceans. This magma has a wider distribu¬ 
tion than any other, for the ocean basins cover two-thirds of the 
earth’s surface, and olivine rocks are widely developed on the 
continents too. W. Q. Kennedy has discussed this question 
and has reached the conclusion that the plateau-basalt magma 
and the olivine-basalt magma exist independently, neither 
being a derivative of the other. Yet he admits that the plateau- 
basalt magma is absent from the ocean basins and that it 
“ seems to be connected in some manner with the presence of 
the granitic crust.” Thus there is at least a suspicion that 
the plateau-basalt magma may be derived from the olivine- 
basalt magma by assimilation of silica and alkalis from the 
granitic crust. This view has been maintained by T. Tomita 
(2), but H. Kuno thinks the same result may be reached with¬ 
out assimilation, in consequence of the sinking of crystals of 
olivine and lime-rich plagioclase from a magma of the com¬ 
position of eucrite or olivine-anorthite gabbro. It is permissible 
to suspect that olivine-free basalt has been derived from the 
same magma as olivine-basalt, but the details of the process 
are not yet understood. 
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The Occurrence and Genesis of Perknite 

This name was introduced by H. W. Turner to describe 
rocks composed almost wholly of pyroxenes and amphiboles, 
with iron ores and accessory minerals. The main subdivisions 
are pyroxenite and hornblendite, which explain themselves. 
Among the pyroxenites it is useful to distinguish the ortho-' 
pyroxenites, which contain enstatite, bronzite or hypersthene, 
from the clino-pyroxenites which contain diopside, augite or 
diallage as their principal pyroxene. It will be shown that 
these two kinds of pyroxenite have generally been formed in 
different ways. 

Among the clino-pyroxenites we may notice those 
described by W. C. Brogger in the parish of Gran, Norway. 
There are in this parish several small bosses of essexite or 
orthoclase-gabbro, a rock composed essentially of orthoclase, 
labradorite and augite, with subordinate hornblende, olivine 
and biotite. About the margins of these bosses the augite has 
become concentrated at the expense of the other minerals, 
giving rise to a rock that consists to the extent of 95 per cent 
of augite, with only trifling amounts of hornblende, biotite 
and labradorite. Comparing the chemical composition of the 
pyroxenite with that of the essexite, it is apparent that there 
has been a diffusion of magnesia and lime towards the peri¬ 
phery and of alumina and alkalis in the opposite direction. 
The pyroxenite was not formed from a magma of its own 
composition. 

The association of pyroxenite with essexite and syenite has 
been described by G. A. Young at Mount Yamaska, Quebec. 
All three rocks contain the same dark minerals, but in the 
pyroxenite clino-pyroxene and hornblende have been concen¬ 
trated to such a degree that feldspar is no more than an acces¬ 
sory constituent. Clino-pyroxenite is associated with diorite 
and monzonite at Monzoni, Tyrol, and there, too, it is evident 
that the pyroxenite was not formed from an independent 
magma. 

Pyroxenites formed mainly of diopside are not uncommon 
where a siliceous magma has come into contact with limestone. 
Numerous instances are to be seen at granite-limestone contacts 
in Ontario. A very interesting example has been described by 
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Cross and Larsen at Iron Hill, Colorado; in addition to diop- 
side the pyroxenite contains perovskite and frequently much 
apatite and biotite. A similar occurrence of diopside- 
pyroxenite containing much apatite was described from a 
granite-limestone contact zone at Palabora, Transvaal (S. J. S., 
4). In each of these instances it seems that the pyroxenite was 
formed either by direct reaction between magma and limestone, 
or else by the soaking of magmatic solutions containing silica 
and phosphoric acid into the limestone. 

Many pyroxenites contain a good deal of hornblende and 
show a transition to the hornblendites. J. Phemister describes 
a diopside-pyroxenite near Loch Ailsh, Scotland, which con¬ 
tains both hornblende and biotite. In this rock the crystals of 
hornblende typically enclose diopside; and in the same neigh¬ 
bourhood there are bodies ol massive fiornblendite composed 
of the very same hornblende, but the crystals contains cores or 
remnants of diopside, showing that the rock was originally 
pyroxenite. This is probably a case of deuteric action. Similar 
cases were discussed in Chapter. X, which deals with post- 
magmatic reactions. 

Between the clino-pyroxenites and the ortho-pyroxenites 
there are intermediate types containing both kinds of pyroxene. 
G. H. Williams has recorded such rocks in association with 
the gabbros of Maryland, either diallage or diopside appearing 
in conjunction with hypersthene. Williams makes the obser¬ 
vation that in these rocks “ the cohesion between the grains is 
so slight that perfectly fresh specimens may sometimes be 
rubbed to powder in the fingers.” The absence of inter¬ 
locking among the grains is suggestive of the origin of the 
rock by accumulation of crystals. Another rock of this kind 
occurs near Webster, North Carolina, and Williams introduced 
the name websterite for the whole group. 

The group of ortho-pyroxenites has a much greater 
quantitative importance than the clino-pyroxenites. Varieties 
of ” bronzitite,” composed of bronzite with only trifling 
amounts of diopside and chromite, play an important part in 
the lower half of the great lopolith of the Bushveld, Transvaal. 
P. A. Wagner and A. L. Hall have described thick sheets of 
bronzitite, interstratified with every possible variety of norite 
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and anorthosite and containing 
seams of chromite. This alterna¬ 
tion of feldspathic and pyro- 
xenitic rocks persists through 
more than 6,000 feet, and single 
sheets of bronzitite may be 
several hundred feet thick. To 
explain this remarkable sheeted 
structure, which closely simu¬ 
lates the bedding of sedimentary 
rocks, Wagner has supposed 
that the crystals that were 
earliest to form in the noritic 
magma, namely those of olivine 
and chromite, sank on account 
of their great density and ac¬ 
cumulated at lower levels, where 
the olivine was converted partly 
or wholly into bronzite. B. V. 
Lombaard believes rather in 
the direct settling of pyroxene 
crystals from the magma. He 
shows that the Bushveld 
“ norite ” contains ortho-pyro¬ 
xene in its lower part, but clino- 
pyroxene in the upper part; also 
that the pyroxenites in the lower 
part are all of the ortho-type, 
whereas the few pyroxenites 
known in the upper or gabbroic 
zone are clino-pyroxenites. 

This view, that the ortho- 
pyroxenites were formed by crys¬ 
tal settling, is strongly sup¬ 
ported by experimental chemist¬ 
ry. Bowen and Schairer have 
shown that bronzite in the ordin¬ 
ary orthorhombic form is only 
stable below 1100® C., whereas a 
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melt of the same composition crystallizes in the form of clino- 
bronzite in the neighbourhood of 1500* C.; consequently com¬ 
mon bronzite cannot possibly have crystallized from a magma 
of its own composition. 

Ortho-pyroxenite similar to that of the Bushveld complex 
occurs in great thickness in the Great Dyke of Rhodesia, in the 
Stillwater complex, Montana, and in the Bay of Islands region, 
Newfoundland, always in a very similar petrological associa¬ 
tion. 

Some pyroxenites contain garnet. A. Lacroix described 
dyke-rocks consisting of diopside and garnet, diallage and gar¬ 
net, and diallage with hornblende and garnet, at Lherz in the 
Pyrenees. The name “rodingite** was given by P. Marshall 
to a dyke-rock in Nelson, New Zealand, which consists of gros- 
sularite and diallage. This rock was at first thought to be a 
primary eruptive product, but L. I. Grange has since demon¬ 
strated that it is an altered gabbro. It may be that the rocks 
described by Lacroix are also metamorphic products. 

Much has been written about the nature of eclogite. This 
very striking rock consists typically of green omphacite (a more 
or less jadeitic diopside), together with pink garnet inter¬ 
mediate in composition between almandine and pyrope. These 
rocks occur as bands and lenses among crystalline schists, 
especially in association with hornblende-gneiss and amphi¬ 
bolite. P. Eskola has claimed an eruptive origin for the 
eclogites of Norway, but most students of the subject consider 
eclogite to be a metamorphic rock. Even ortho-pyroxenite 
sometimes contains garnet, as in the “ griquaite ” of the Kim¬ 
berley diamond mines, which is largely composed of enstatite 
and pyrope. The origin of this rock is obscure. 

A special problem is presented by rocks which consist 
almost entirely of oxides of iron, titanium and chromium. 
Among the gabbros and norites in many parts of the world 
there are dyke-like and sheet-like bodies of nearly pure ore, 
which behave as if they were independent intrusions. C. F. 
Kolderup has described an ilmenite-rock at Ekersund, Norway; 
W. Petersson, magnetite-spinel rocks in Sweden; A. L. Hall, 
thick sheets of titaniferous magnetite in the Transvaal; and 
Watson and Taber, dykes of ilmenite, rutile and apatite in 
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Virginia. The difficulty about regarding these as eruptive 
rocks is that the melting points of magnetite, ilmenite, and 
spinel lie far above those of silicate rocks. If the ores are suffi¬ 
ciently diluted with silicates, the difficulty disappears on 
account of the mutual lowering of freezing points. E. 
Sampson has studied especially the chromite deposits of the 
Bushveld complex and other localities, and favours the view 
that some of the chromite was formed from residual magmatic 
solutions at quite low temperatures. 
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The fashion in which we thinh changes lihe the fashion 
of our clothes , and it is dificult , if not impossible , for 
most people to think otherwise than in the fashion of their 
own period .—G. B. Shaw. 

CHAPTER XVII 

THE UNDERSATURATED ROCKS (NON- 
FELDSPATHOIDAL DIVISION) 

OCCURRENCE AND GENESIS 

When a magma contains too little silica to convert all the 
metallic oxides into saturated compounds, then one or more of 
these oxides must go short. In the commonest case it is mag¬ 
nesia that is affected, and olivine is formed instead of pyroxene. 
The resulting rocks are olivine-gabbro and olivine-basalt, 
which are perhaps the most abundant rocks in the outer one- 
tenth of the earth’s radius; as well as peridotite and less com¬ 
mon types. Much less frequently the deficiency of silica falls 
upon the soda, and nepheline or sodalite may be formed, as in 
foyaite and phonolite. Potash is rarely affected by any 
deficiency of silica, so leucite-bearing rocks have a very limited 
distribution. Lime is still more rarely found in unsaturated 
compounds. Melilite and its constant companion, perovskite, 
are only formed in rocks of extremely low silica content, in 
which most of the magnesia and soda have been reduced to 
olivine and nepheline, and even potash has gone into leucite or 
mica. Melanite (lime-ferric garnet) is another lime-mineral 
that is occasionally developed in undersaturated rocks, mostly 
in association with nepheline or leucite, though the condition 
for its formation is perhaps a deficiency of alumina rather than 
silica. Finally, if the deficiency of silica falls upon alumina, 
we get the very rare group of corundum pegmatites. 

The Occurrence and Genesis of Olivine Rocks 
The largest bodies of Undersaturated magnesian rocks are 
those in which feldspar predominates and olivine plays quite a 
minor part. One of the largest intrusive bodies of this char¬ 
acter is the lopolith of olivine-gabbro at Duluth, Minnesota, 
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which has an area of 2,400 square miles and a probable thick¬ 
ness of 20,000 feet. This great mass of rock varies from nor¬ 
mal gabbro and anorthosite to olivine-gabbro, troctolite and 
peridotite, but according to F. F. Grout, over two-thirds of the 
mass is olivine-gabbro. Another great body of olivine-gabbro 
and olivine-norite forms the peninsula of Sierra Leone, West 
Africa. The area occupied by this rock in the peninsula alone 
is nearly 200 square milesj and the same kind of rock reappears 
in the Banana Islands, showing that the norite continues far 
out to sea. From the orientation of the primary banding, 
N. R. Junner concludes that this intrusion, too, has the form 
of a lopolith or basin-shaped mass. A full petrographic 
description of the norite of Sierra Leone has been given by F. 
Dixey. 

The East Griqualand sheet in South Africa, to which we 
referred on page 280, is mainly composed of olivine-gabbro, 
but it has an acid roof-facies which D. L. Scholtz describes as 
quartz-monzonite. This passes down into gabbro, which soon 
becomes olivine-bearing; the content of olivine increases 
rapidly towards the base of the sheet, and the basal zone con¬ 
sists of alternations of picrite, troctolite, and olivine-rich 
hypersthene gabbro {Fig. 41). 

In each of these three instances the bulk of the intrusive is 
made up of olivine-gabbro or olivine-norite of fairly constant 
character, but there is a tendency towards the formation of 
bands of more feldspathic and more melanic character 
respectively, which in extreme instances become distinct sheets 
or lenses of anorthosite on the one hand and peridotite on the 
other. This banded character is very strongly developed in 
the Stillwater complex, Montana, another lopolith with an out¬ 
crop thirty miles long and an exposed thickness of 11,000 feet. 
The upper part of the mass is mainly norite and anorthosite; 
the lower part contains a great thickness of bronzitite, peri¬ 
dotite and dunite in bands thajt range from a few inches to 
hundreds of feet in thickness. One section was measured in 
which there were 77 bands within a range of 200 feet (Howland, 
Peoples and Sampson). 

In the Bay of Islands district, Newfoundland, four layered 
intrusions of the same character as the last lie in a belt 65 
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miles long and ten miles wide. The southern pair were 
described by J. R. Cooper, the northern pair by E. Ingerson. 
There is an unfortunate difference of opinion about the 
geological structure of the belt, but all four masses show the 



Fig. 41. Plan and section of Tabankulu Mountain, Pondoland, South 
Africa. (After A. L. do Toit, modified by D. L. Scholtz.) 


same remarkable alternation of bands that vary in composition 
from gabbro to peridotite. According to Ingerson the Table 
Mountain mass contains some 7,000 feet of olivine-gabbro, 
anorthositic gabbro, and bytownite-peridotite, overlying 14,000 
feet of bronzite-dunite and bronzite-peridotite. 
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Fig. 42. Plan of a portion of the Great Dyke of Rhodesia. (After B. Lightfoot.) 





296 


ERUPTIVE ROCKS 


The remarkable intrusion known as the Great Dyke in 
Rhodesia has an outcrop more than 300 miles long, with an 
average width of only five miles. From the form of the out¬ 
crop one would consider the intrusion to be a vertical or highly 
inclined sheet; but the strongly banded rocks which make up 
the sheet are not arranged parallel to the walls; they are 
described by B. Lightfoot as forming “ a series of large dis¬ 
continuous cakes, each of which has a gentle synclinal struc¬ 
ture.** The rocks vary in composition from norite to 
bronzitite, harzburgite, and serpentinized peridotite, sometimes 
one and sometimes another predominating in the outcrop of the 
Dyke (Fig. 42). 

A classic instance of a composite intrusion consisting of 
alternate feldspathic and peridotitic layers was described by A. 
Harker in the island of Rum, Scotland. In Allival Hill there 
are nineteen nearly horizontal layers of peridotite and allivalite 
alternately, the former consisting of olivine with only a little 
anorthite, and the latter of anorthite and olivine in roughly 
equal amount. Harker thinks that the sheets, which are 50 to 
150 feet thick, represent distinct intrusions of heterogeneous 
magma, consisting of more feldspathic and more peridotitic 
portions which did not mingle freely. Later students of banded 
intrusions have tried to explain the phenomena in terms of 
crystal settling, but neither explanation gives complete satis¬ 
faction. If the bands were always horizontal or nearly so, 
then crystal settling might provide a general solution, but there 
are certain intrusions in which the differentiation takes place 
from margin to centre. 

At several localities in the Ural Mountains, bodies of peri¬ 
dotite and dunite occur within larger bodies of gabbro or norite 
(Fig. 43). For instance, at Koniakowski Hill in the district of 
Nicolai-Pawda an elliptical body of dunite measuring 1 x J km. 
lies within an elliptical pyroxenite mass which is itself com¬ 
pletely surrounded by melanocratic gabbro, passing out into 
normal gabbro (Duparc and Grosset). Duparc maintains that 
the rocks of these concentric zones, from dunite to gabbro, are 
all differentiation-products of a single magma. In describing 
a similar occurrence at Solowiewa Hill, in the Tagil district, 
R. Spring seems to favour another view of the matter, for he 
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writes that ** the appearance is as if the peridotite was a 
younger, stock-like mass which was intruded after the con¬ 
solidation of the diorite” (or gabbro). 

In support of the view expressed by Duparc, we may note 
that at Susimaki, Finland, M. K. Palmunen has described a 



Fig. 43. Geological plan of the olivine rocks of Koniakowsky 
Hill, district of Nicolai-Pawda, Russia; after Duparc and Grosset. 

Black, dunite; 2, pyroxenic peridotites; 3, melanocratic olivine- 
gabbro; 4, normal olivine gabbro; 5, norite; 6, diabase. Scale, 

1 : 100 , 000 . 

hornblende-gabbro which passes centrally into a peridotite 
composed of olivine, hornblende, pyroxene and ore, and this 
again into an ore-bearing dunite containing 60 per* cent of 
olivine and 36 per cent of iron ore. An occurrence similar to 
this has long been known at Taberg, Sweden. 

It is interesting to find, in the Thetford area, Quebec, 
examples of both types of differentiation. A series of basic 
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intrusive masses, comprising the usual association of gabbros 
and peridotites, forms a belt about 70 miles long. The in- 
trusives include both sills and stocks and within them the rocks 
are arranged in order of decreasing density; in the sills from 
the base upwards, in the stocks from the centre outwards (J. A. 
Dresser). One suspects that gravity must be the cause of the 
differentiation in both cases, but the structure of the “ stocks” 
does not seem to be known. C. Camsell says that the stock at 
Tulameen, B.C., ” resembles a hard-boiled egg, the peridotite 
being equivalent to the yolk and the pyroxenite to the white 
of the egg.” His explanation of the structure is that pyroxene 
crystallized before olivine, hence pyroxenite was formed along 
the walls of the intrusion, where cooling was rapid, leaving a 
concentration of olivine in the central magma. 

From these great lopolithic masses and belts in which peri¬ 
dotites are associated with feldspathic gabbros and anortho¬ 
sites, it is only a step to another series of intrusions composed 
almost wholly of hypermelanic rocks. 

The Great Serpentine Belt of New South Wales is a body 
of olivine-rocks and serpentine which has been intruded along 
the plane of a powerful reversed fault (W. N. Benson). The 
outcrop is not continuous, but many intrusive bodies from a 
hundred yards to thiity miles long crop out at intervals along 
the fault line through a total distance of more than two hun¬ 
dred and fifty miles. The width of the belt varies from a few 
inches to nearly two miles. There can be no doubt that all 
these detached outcrops are connected underground, and that 
the whole is essentially one great dyke. The dominant rock 
is harzburgite (olivine-enstatite rock), but this passes locally 
into olivine-rock and enstatite-rock, while amphibolite, anor¬ 
thosite and olivine-gabbro play quite a minor part in the com¬ 
plex. All the magnesian rocks are more or less serpentinized. 

It is now recognized that belts of serpentine and related 
rocks follow the flanks of most of the great mountain chains 
and island arcs. In eastern North America a chain bf these 
rocks runs parallel to the Appalachian axis from Newfound¬ 
land to Alabama. Another great serpentine belt extends across 
Guatemala into Cuba, Hispaniola and Puerto Rico; here it 
swings southward and H, H. Hess (1) thinks that it makes 
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a complete loop and joins the serpentine belt in the Cordillera 
of Venezuela and Colombia. In Cuba, according to Hess 
(2), a single mass of peridotite has an outcrop of probably 6,000 
square miles. This may be the largest body of peridotite in 
the world, unless it is surpassed by the astonishing develop¬ 
ment of similar rocks in New Caledonia. The most extensive 
chain of peridotite and serpentine is the one that follows the 
entire course of the Alpine folds across Europe into Asia 
Minor, and reappears in Burma to follow the East Indian arc 
through the Andaman Islands, Sumatra, Timor, Celebes, 
Borneo and the Philippines. A most valuable discussion of 
the serpentine belts of the world and their tectonic significance 
was given by W. N. Benson in 1926, and H. H. Hess (1) has 
carried the matter to a further stage by linking the serpentine 
belts to belts of negative gravity anomalies. 

Before leaving this subject we may just mention the ser¬ 
pentine belt of Dun Mountain, New Zealand, which has given 
us the name “ dunite ** for a rock composed almost entirely of 
olivine. This is a belt about 20 miles long and up to three 
miles wide, composed of serpentine with subordinate dunite 
and harzburgite; it follows the strike of a series of highly tilted 
limestones and shales, and it is separated from the limestone 
by a marginal zone of diabase. These rocks were mapped and 
described by Bell, Clarke and Marshall (Fig. 44). 

Still one more mode of occurrence of olivine-bearing rocks 
must be mentioned. In this case the olivine rock occupies 
more or less vertical pipes which apparently represent the 
throats of former volcanoes. The best known examples are the 
“ kimberlite ** pipes of South and Central Africa. One of the 
largest of these pipes, the Premier Diamond Mine, near 
Pretoria, is 2,800 feet in greatest diameter. Every pipe has the 
form of a more or less symmetrical, steep-sided funnel, there 
being a steady decrease in size with increasing depth. Although 
a connection between individual pipes is not often apparent at 
the surface, yet mining operations have revealed that in many 
cases the pipes are arranged along dykes, being sometimes 
mere enlargements or “blows’* in the course of the dyke, 
while in other cases they represent points where an old channel 
of eruption, marked by a dyke, has been reopened during a 
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younger phase of explosive volcanic activity. The Newlands 
Diamond Mine, for example, consists of four small pipes 
arranged along a narrow dyke; the Voorspoed mine was dis¬ 
covered by following up a dyke; and the linear arrangement 
of the pipes in the Belgian Congo is evident on P. A. 
Wagner’s map. 

The typical rock of these diamond pipes, the “ blue 
ground” or kimberlite, is a breccia consisting of fragments of 
many kinds of rocks enclosed in a matrix of serpentine and 
carbonates. While it is certain that much or all of this ser¬ 
pentine was formed from olivine, it is not correct to describe 
the rock as a serpentinized peridotite. There is a certain 



Fig. 44. The peridotite intrusions of Dun Mtn., New Zealand. (After 
Bell, Clarke and Marshall.) The surrounding rocks are shales and grey- 
wackes of the Maitai Senes (Trias-Jura), with a thick limestone, from 
which the peridotite is separated by a marginal zone of diabase. Black 
areas are rodingite (grossularite-diailage rock). Scale, 4 miles to 1 inch. 

amount of evidence which suggests that it may have been a 
melilite-basalt. This view, originally put forward by H. C. 
Lewis, has been revived by M. S. Taljaard and the writer. 
Dykes of serpentine that closely resemble kimberlite occur in 
New York and Pennsylvania, and C. H. Smyth was able to 
identify melilite in one of them. 

Before we discuss the significance of these observations it 
is necessary to devote a few lines to the extrusive olivine-rocks. 
The first point to be noted is the entire absence of any lavas 
corresponding in composition to dunite or any of the varieties 
of peridotite. The only important type of olivine-bearing lava 
is olivine-basalt, which corresponds in composition to divine. 
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gabbro and olivine-diabase. The second point is the univer¬ 
sality of olivine-basalt, which is not only one of the commonest 
of lavas on land but is virtually the only kind of lava developed 
in the vast area of the great oceans. One may reasonably 
conclude that olivine-basalt is not only the commonest of all 
extrusive rocks, but that it is more abundant than all other 
lavas put together. The third point to which we would direct 
attention is the extreme range of variation in the olivine-con- 
tent of these lavas. The average olivine-basalt holds some 10 
to 16 per cent of this mineral, but in the oceanic regions par¬ 
ticularly one finds varieties with 60 and sometimes as much as 
76 per cent of olivine. In these “ oceanites *’ or picrite-basalts 
the olivine crystals are exceptionally large in comparison with 
the associated minerals, and there can be no doubt that these 
lavas represent portions of magma that have been enriched with 
olivine crystals either by crystal settling or by convection 
currents. 

We must now put all the evidence together and see what 
generalizations we can make regarding the olivine-basalt 
magma. From the world-wide distribution and the great 
abundance of olivine-bearing rocks we are entitled to conclude 
that if there is such a thing as a fundamental world-magma 
from which all other magmas and eruptive rocks have been 
derived, it must have the composition of olivine-basalt. The 
evidence cited in this chapter and in Chapter IX compels us to 
believe that the differentiation of such a magma, whether 
effected by the settling and flotation of crystals or by the ex¬ 
pulsion of residual fluid during freezing, is capable of furnish¬ 
ing most kinds of rock from dacite and trachyte to anorthosite 
and dunite. The potassic rocks alone seem to stand apart from 
the olivine-basalt line of descent. 

The absence of lavas of peridotitic composition points to 
the non-existence of peridotite magma. The manner of forma¬ 
tion of peridotite has generally been the settling of crystals of 
olivine and pyroxene from a body of olivine-basalt magma. 
The peridotites are accumulative rocks rather than magmatic 
rocks, just as the anorthosites and many perknites are. Picrite- 
basalt on the surface, and picrite underground, represent stages 
in the accumulative process; and it is clear that the farther the 
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sinking of olivine has proceeded, the less likely it is that the 
olivine-enriched magma will ever reach the surface; hence the 
scarcity of picrite-basalt and the entire lack of lavas consisting 
wholly of olivine or olivine and pyroxene. 

But what are we to say of the great masses of serpentine 
and peridotite that are not associated with gabbro or any other 
feldspathic rock? H. H. Hess (2) has shown that some of 
these masses actually exhibit chilled margins against the 
country rocks, so they must be intrusive. An important point 
about these intrusive bodies, which is generally obscured by 
the habit of calling them “ peridotite,” is that they are always 
more or less deeply serpentinized. A content of more than 10 
per cent of water is common. Pure serpentine holds only 13 
per cent of water. Another significant point is that even the 
greatest masses of serpentine have effected very little contact 
metamorphism of the rocks among which they were intruded, 
consequently they were not very hot. Consideration of the 
melting points of forsterite and fayalite will show that an 
olivine-magma, even if its freezing point were lowered con¬ 
siderably by small amounts of other components, could scarcely 
exist at a temperature lower than 1200® C. To reconcile these 
observations one must believe that the serpentine intrusions 
were not formed from an olivine magma, but from a serpentine 
magma, that is to say, a serpentine gel containing crystals and 
fragments of olivine. Such a gel may be formed by hydration 
of a peridotite of the accumulative type, and it may be set in 
movement by the disturbances of orogeny. The concept of 
a serpentine magma is favoured by H. H. Hess (2), R. A. 
Daly, and W. F. Gisolf. R. B. Sosman speaks of ” a mass 
of crystals lubricated by very thin films of liquid which is not 
a silicate melt, but is simply water or a water solution ”; and 
T. du Rietz thinks the peridotites of northern Sweden were 
intruded ” in a semi-crystalline condition.” 

If a serpentine magma can be intruded underground, 
would it not sometimes make its way to the surface ? Hess has 
considered this point and thinks that the high water content of 
such a magma would cause it to be erupted explosively, with¬ 
out forming lava-fiows. The invariably brecciated character 
of kimberlite certainly falls into line with this suggestion. 
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A. N. Aleshkoff differs from all other students of the siili^ 
ject and expresses the opinion that “pure molten olivifie 
formed dunites.“ He has described an “ uninterrupted wall ** 
of peridotite aad dunite which extends for 125 miles between 
latitude 65® 30' C. and latitude 67® C. in the Polar Ural. His 
map shows that the peridotite is bordered by zones of 
pyroxenite, gabbro, and diorite, just as so many other peri- 
dotites are in the Ural and elsewhere. Since the rocks are the 
same and the association is the same, one cannot help feeling 
that the argument against the existence of an anhydrous olivine 
magma must apply to this region just as to all others. The 
latest student of Uralian peridotites, N. V. Lodochnikov, be¬ 
lieves the magnesian magma was a hydrous one and that the 
olivine crystals which separated from it at an early stage were 
serpentinized at a later stage by water concentrated in the 
residual magma. 

French petrographers have claimed that peridotite may be 
developed in consequence of the assimilation of magnesian 
limestone by granitic magma. Among the products of re¬ 
action between granite and limestone in the Pyrenees, A. 
Lacroix describes a complete series of rocks ranging in com¬ 
position from hornblende-granite to hornblende-peridotite; the 
last a rock consisting of large crystals of hornblende which 
enclose numerous rounded or irregular grains of olivine, closely 
resembling the well known peridotite of Schriesheim, Ger¬ 
many. This view was supported by M. Longchambon. W. 
N. Benson has pointed out that if all peridotites were formed 
in the way Lacroix describes, it would be difficult to account 
for the relatively high proportions of nickel and chromium 
oxides which they contain, for these oxides are almost never 
found either in granite or in limestone. 

The Occurrence and Genesis of Rocks Containing 
Unsaturated Lime Minerals 
Both melilite and melanite are so frequently associated 
with nepheline or leucite that one suspects a common factor in 
the genesis of all four minerals. 

Melilite-basalt is among the rarest of rocks. Melilite itself 
is rich in lime and poor in silica, so it is not surprising to find 
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among the melilite-basalts both the highest recorded percentage 
of lime (27 per cent) and almost the lowest recorded percentage 
of silica (30*6 per cent) in any eruptive rock. This suggests 
that assimilation of limestone may have played a part in the 
genesis of these rocks. From the experimental side this idea 
is supported by the common occurrence of melilite in basic 
slags, and by the demonstration by A. S. Ginsberg and K. S. 
Nikogosyan that the addition of calcium carbonate to melted 
diabase causes melilite to crystallize out. 

There is in addition much field evidence to connect melilite 
rocks with limestone. The original alnoite (biotite-melilite- 
basalt) takes its name from Alno, Sweden, where there is a 
most intimate mingling of silicate and carbonate rocks (see 
on, page 324). E. Becker has shown that the distribution of 
melilite-basalt in south-western Germany is related to the dis¬ 
tribution of a thick Jurassic limestone. The melilite rocks of 
the Polzen district, Bohemia, are also in a region of thick 
limestones, and K. H. Scheumann is definitely of the opinion 
that assimilation of limestone played a part in their formation. 
The uncompahgrite of Iron Hill, Colorado, and the okaite of 
Quebec, two rocks which are made up to the extent of two- 
thirds of melilite, are both found in contact with crystalline 
limestone (Cross and Larsen; J. Stansfield). J. T. Singewald 
and C. Milton have described a pipe of alnoite near Avon, 
Missouri, which cuts dolomite and penetrates it in the most 
intimate fashion, forming dark streaks with indefinite 
boundaries that fade away in the dolomite. The turjaite of the 
Kola Peninsula is associated with “ carbonatite *’ dykes, and 
E. H. Kranck indicates the necessity of “a supply of CaO 
from outside ” in order to explain the abnormal composition of 
this rock. To complete the argument, C. E. Tilley has 
described the production of small bodies of nearly pure melilite 
at a contact between olivine-dolerite and chalk in Antrim, 
Ireland. 

On the other hand, there are certain occurrences of 
melilite-basalt in regions where no limestone is known. C. S. 
Ross has described an alnoite at Winnett, Montana, far away 
from any known limestone. The melilite-basalts of South 
Africa are all in regions where there is little known limestone. 
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In the district of Sutherland the melilite-basalts are intrusive in 
the shales and sandstones of the Karroo system, but it is not 
possible to say what underlies these strata. In the district of 
Namaqualand there is perhaps the greatest development of 
melilite-basalt in the world, and it lies upon the old gneiss 
which locally contains only insignificant lenses of limestone. 
The melilite-basalt here forms hills up to a hundred feet high 
and half a mile long, which have been interpreted as the out¬ 
crops of vertical pipes (A. W. Rogers), but also as remnants 
of sills (M. S. Taljaard), the rubbly nature of the outcrops 
making it difficult to decide between the two alternatives. In 
view of the evidence described above, from other localities, and 
in view also of the utterly abnormal composition of melilite- 
basalt, the writer thinks it justifiable to assume the existence of 
a deep-seated body of limestone in this region. Only the addi¬ 
tion of lime or the subtraction of silica can convert ordinary 
basaltic magma into melilite-basalt, and reaction with lime¬ 
stone is the only obvious way in which both of these changes 
can be effected. 

There are rare and quantitatively insignificant occurrences 
of melilite-basalt on some of the oceanic islands, for instance, 
Oahu, Hawaii (W. Cross). The only possible source of lime¬ 
stone in this case is coral reef, and it is at least a curious coin¬ 
cidence that the melilite-basalt at Moiliili rests on reef lime¬ 
stone. There is no indication of reaction at this point, never¬ 
theless it is impossible to account for the appearance of melilite 
in such an environment without the participation of limestone 
at some stage in the process. 

N. L. Bowen has found that melts of nepheline and diop- 
side, in the crucible, give olivine and melilite at temperatures 
between 1100® and 1300® C. He argues therefore that the pre¬ 
sence of melilite is not necessarily an indication of contamina¬ 
tion of the magma by limestone. But if the nepheline-diopside 
magmas in nature are themselves produced in consequence of 
assimilation of limestone, as we shall see in the next chapter, 
then Bowen’s contention loses its force. 

As regards melanite and andradite, the lime-ferric garnets, 
the evidence is still more complete that assimilation of lime¬ 
stone is an essential condition for their formation. These two 
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names indicate the same species, but andradite is brown in col¬ 
our, may contain some alumina, and is nearly free from titania; 
whereas melanite is black, is nearly or quite free from alumina, 
and commonly holds five or ten per cent of titania. In the 
amorphous variety called schorlomite the content of oxides of 
titanium may exceed 20 per cent. Of these varieties melanite 
is commonly found in the eruptive rock, andradite either in the 
eruptive or on the limestone side of the contact. 

At the following localities melanite is developed in an erup¬ 
tive rock at or about its contact with limestone:—Loch Boro- 
lan, Scotland; Fen, Norway; Alno, Sweden; Kuolajarvi, Fin¬ 
land; Turja, Kola; Ditr6, Rumania; Monte Somma, Italy; Ice 
River, B.C.; Franklin, B.C.; Magnet Cove, Arkansas; Potash 
Springs, Arkansas; Iron Hill, Colorado; Bearpaw Mts., Mon- 
tana; Libby, Montana; Judith Mts., Montana; Kishengarh, 
India; Mount Elgon, Kenya; Nyassaland; Sekukuniland, 
Transvaal; Ambavatoby, Madagascar; Port Cygnet, 
Tasmania. Both melanite and andradite occur at Mount Royal, 
Quebec. (See Plate IV.) 

At the following localities the garnet is andradite rather 
than melanite:—Sviatoy Noss, Transbaikalia; Haliburton- 
Bancroft, Ontario; Marble Bay, B.C.; Stockton, Utah; 
Pouzac, Pyrenees; Hook batholith, Rhodesia; Zeekoegat, 
Transvaal; San Carlos Mts., Mexico. 

Melanite is also found in phonolite or nephelinite at a few 
places, of which the following are the best known :—Frascati, 
Alban Hills, and Monte Somma, Italy; Kaiserstuhl and other 
localities in Baden; Rieden, Olbriick, and other localities in the 
Eifel. Each of these is a locality where thick limestone is 
present. Melanite has also been found in phonolite and 
nephelinite of Mount Elgon, East Africa, and in quantity on 
Rusinga Island, Lake Victoria, each time in the neighbour¬ 
hood of a contact-metamorphosed limestone. 

We have named above more than forty localities where the 
occurrence of a lime-garnet is connected with the presence 
of limestone; and the list could be extended. On the other 
hand, the writer knows of only five localities where melanite 
is found in rocks which cut crystalline schists, no limestone 
being known to occur near. One of these is livaara, Finland, 



UNDERSATURATED (NON-FELDSPATHOIDAL) ROCKS 307 

where the surrounding country is drift-covered. The highly 
titaniferous black garnet occurs in a melanic rock composed 
mainly of diopside and nepheline—^the original “ ijolite **—and 
the garnet is intergrown with calcite. At Cevadaes, Portugal, 
a small lens of foyaite containing melanite lies concordantly in 
para-gneiss; but in other parts this gneiss contains lenses of 
“ lime-silicate hornfels.” A little melanite occurs in the 
foyaite of Cabo Frio, Brazil; an island formed of red gneiss. 
Again, A. Lacroix has recorded melanite quite abundantly in a 
micromonzonite on the island of Kassa, Los archipelago. He 
says the occurrence is unique in this archipelago, and adds that 
there is no limestone either in the islands or on the mainland 
of French Guinea. In a newly described area in Tanganyika 
(Fades and Reeve), melanite-syenite forms a few small tors in 
granite country; but a junction with the Basement Complex is 
near and the granite is full of xenoliths. 

All that these few exceptions demonstrate is just our ignor¬ 
ance of the environment in each case. An eruptive magma 
does not produce new minerals as a conjuror produces rabbits, 
to amuse and bewilder us. Melanite is never formed without 
a definite chemical reason, and that reason, it is abundantly 
clear, is the assimilation of limestone by the magma. In the 
opinion of the writer, the necessary condition for the genera¬ 
tion of melanite is so clearly established that this mineral may 
be used to prove assimilation of limestone just as surely as 
cordierite and sillimanite prove assimilation of aluminous 
sediment. 

The Occurrence and Genesis of Corundum Rocks 

That some corundum may be developed in consequence of 
the assimilation of aluminous sediments by eruptive magma 
has been admitted by several writers. Thus K. Busz showed 
clearly that corundum had been formed in this way in certain 
dyke-rocks in Devonshire, and H. H. Thomas has studied the 
various stages in the transformation of aluminous rock-frag¬ 
ments into anorthite-corundum-spinel aggregates, within 
dolerite sills on the island of Mull, Scotland. L. V. Pirsson 
assumed that the sapphires in the lamprophyre dyke at Yogo 
Gulch, Montana, were formed from the clay slates through 
which the dyke has broken, and the sporadic occurrence of 
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sapphire in the basalts of the Rhineland has generally been 
explained in the same way. But it is not clear that any such 
explanation is applicable to the widespread occurrence of 
corundum in North America and South Africa. 

Corundum is found in small quantity in some of the 
syenites and nepheline rocks of Ontario, but it is especially 
abundant in the syenite-pegmatites, which form veins and 
dykes sometimes as much as eighteen feet wide. These very 
coarse-grained pegmatites are made up of pink, perthitic feld¬ 
spar ^soda-orthoclase) with corundum and a little biotite, mus¬ 
covite, calcite, and exceptionally a very small amount of quartz. 
Corundum may make up as much as thirty-five per cent of 
this rock. The feldspar is not always an alkaline one, but 
varies from microperthite through albite, oligoclase and 
andesine to bytownite. A. E. Barlow particularly emphasizes 
the point that “the nepheline and related alkaline syenites 
with which the principal occurrences of corundum are asso¬ 
ciated, show an extreme and rapid variation in composition,” 
although they form a single geological unit. 

The important corundum reefs of the Transvaal are coarse 
pegmatites, which carry quartz and mica when they cut 
granite, and only become corundum-bearing when they enter a 
region of basic magnesian rocks (A. L. Hall). The reefs then 
consist of plagioclase (oligoclase or andesine) with corundum 
and biotite; orthoclase is rare; and Hall remarks that “ not a 
single example was observed where a corundiferous rock also 
carried quartz.” | The surrounding rocks have their mag¬ 
nesian constituents changed into talc in the neighbourhood of 
such a reef, indicating an addition of silica. 

The conditions in North Carolina, Georgia, Massachusetts, 
and in Plumas County, California, are almost identical with 
those in the Transvaal. In each case the mineral occurs in 
pegmatite veins about the junction between granite and a mag¬ 
nesian rock which is generally some variety of peridotite. 

At Kyschtym, in the Ural Mountains, similar conditions 
recur; in this instance a large dyke of anorthite-corundum- 
biotite rock intervenes between granite and serpentine. In the 
same district there are also stock-like bodies of corundum 
syenite in the granite; in these the feldspar is microperthite, 
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and J. Morozewicz notes that a few grains of quartz are very 
rarely to be seen. This locality is in the neighbourhood of 
Miask, where nepheline rocks have long been known to occur; 
so there would seem to be a close general resemblance between 
the corundum rocks of the Ural and those of Ontario. 

In India, the corundum-bearing rock at Coimbatore, 
Madras, is once more a pegmatite, having microperthite and 
biotite as its silicate constituents. The geological relations are 
obscured by surface deposits but T. H. Holland shows that the 
distribution of corundum is definitely related to outcrops of 
nepheline-syenite. 

Ip brief, the typical corundum-bearing rock in all parts of 
the world is a more or less coarse-grained pegmatite, which is 
typically associated either with nepheline rocks or with peri- 
dotite and serpentine. In the former case the corundum rock 
is a pegmatitic facies of the nepheline rock; in the latter case 
the corundum-bearing rock is intrusive in the peridotite and has 
reacted with it, forming biotite, actinolite and talc in the con¬ 
tact zone. This reaction is generally described as “ desilica- 
tion * * of the pegmatite, and it does indeed involve the transfer 
of silica from the dyke into the peridotite; but it is impossible 
that desilication alone could produce a plagioclase-corundum 
rock from an average granite-pegmatite. K. A. Vlasov con¬ 
siders that fluorine and boron derived from the pegmatite 
magma act as catalysts and redistribute the cations between the 
acid magma and the basic rocks. E. S. Larsen rejects the 
desilication theory altogether (although it is true in the sense 
that the magnesian rocks have undoubtedly taken up silica) 
and claims the corundum-pegmatites as high temperature 
hydrothermal deposits. That the products in the contact zone 
(talc, chlorite, vermiculite) are hydrothermal is undeniable; 
yet neither the hydrothermal theory nor the desilication theory 
goes to the root of the matter, which is that the magma or 
solution that gave rise to the corundum rock must have held 
an altogether abnormal quantity of alumina, and for this there 
is no obvious source either in acid magma or in basic rock. 
In short, the problem of the corundum pegmatites is part of 
the problem of mineralized pegmatites in general, and is still 
far from solution. 
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A theory is a tool and not a creed. —J. J. Thomson. 

CHAPTER XVIII 

THE UNDERSATURATED ROCKS 
(FELDSPATHOIDAL DIVISION) 

OCCURRENCE AND GENESIS 

Nepheline-bearing rocks are very scarce in comparison with 
olivine-bearing ones, and most of the occurrences are quite 
small. There are only six really large bodies of eucrystalline 
nepheline rocks in the world, two in the Kola Peninsula 
(north Russia), two in Brazil, one or perhaps two in 
Greenland, and one in the Transvaal. The first of these 
consists of two masses, of nearly circular outline, which are 
so close together that they are probably connected beneath 
the waters of Lake Umpjaur (Pig. 45). Indeed, B. M. 
Kupletsky claims that the two together form “a synclinal in¬ 
trusion approaching a lopolith in its form.’' Lhe larger mass, 
which is known both by the Lapp name Umptek and the 
Russian name Chibina, has an area of 512 square miles; the 
smaller mass, Lujaur-Urt or Lovosera, 250 square miles; but in 
spite of its great area the complex seems to have no great thick¬ 
ness, possibly no more than 3,000 feet. The Umptek mass is 
built of concentric zones of various rocks, from syenite on the 
outside through many mineralogical and textural varieties of 
nephcline-syenite (foyaite) to a banded complex of melanic 
rocks in the interior. On the whole the content of silica appears 
to decrease, and the content of lime to increase, from the margin 
inwards. This great alkaline complex is intruded into and 
rests upon pre-Cambrian and early Paleozoic rocks, and it lies 
on the line of a powerful dislocation. The original description 
by W. Ramsay (in German) has been amplified in recent years 
by a number of papers (in Russian with brief English sum¬ 
maries) by A. Fersman and B. M. Kupletsky on Umptek, and 
N. A. Eliseev and others on Lujaur-Ur. The fullest account 
in English is that by A. A. Polkanov. 

The two massifs of Itatiaia and Pocos de Caldas, in Brazil, 
are estimated by O. Barbosa to cover 566 and 470 square miles 
respectively. The rocks are mainly of foyaitic character, but 
they have not yet been studied in detail. 

aia 
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Fig. 45. Geological map of the Kola Peninsula. (After A. A. Polkanov.) 
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In the western Transvaal a circular group of hills known 
collectively as Pilansberg (Pilaan’s Mountains) is composed of 
the same kinds of rocks and has the same concentric structure 
as Umptek. The resemblance extends even to the less com¬ 
mon minerals such as pectolite, eudialyte, astrophyllite, lampro- 
phyllite, lovchorrite. This complex, which is superimposed 
upon the Bush veld Complex, covers 200 square miles and has 
a probable thickness of 2,000 to 3,000 feet. It has been inter¬ 
preted as a laccolith (S. J. S., 1). 

Another very large body of nepheline rocks is that in the 
south of Greenland, which was described by N. V. Ussing. 
The Ilimausak mass contains some 50 square miles of nephe- 
line-bearing rocks and the Igaliko mass perhaps a similar area. 



Fig. 46. Geological map of the Bushveld complex, Transvaal. The 
outcrop of the Dolomite formation is shown in black. The norite is 
stippled. P—Pilansberg. ZZ—dyke-swarm. FF—Franspoort line of 
syenitic and foyaitic intrusions. S—the foyaite-ijolite stock of 

Sekukuniland. 

with an unknown extension beneath the inland ice-cap. The 
structure is not well known, but the complex contains the same 
remarkable banded rocks and the same uncommon minerals as 
Kola and Pilansberg. 

No other body of nepheline rocks is known which comes 
near the dimensions of these six. The Ditrd complex in 
Rumania has an area of possibly 70 square miles, but little 
more than half of this is nepheline-bearing, the remainder 
including syenite and quartz-syenite (A. Streckeisen). The 
Serra de Monchique stock, in Portugal, covers about 24 square 
miles; Fourche Mountain, Arkansas, about fifteen; and the 
nepheline rocks of the Christiania (Oslo) district, Norway, which 
bulk so largely in petrographic literature, do not exceed ten 
square miles in all. 
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It is likely, then, that there are no reservoirs of under¬ 
saturated sodic magma in the lithopshere, and that when 
nepheline-bearing rocks appear they are due to special physical 
or chemical conditions which have affected granitic or basaltic 
magma in its ascent through the earth-crust. Observations 
that seem specially significant, in relation to the genesis of 
nepheline-bearing rocks, are:— 

(1) their relatively high content of such uncommon ele¬ 
ments as fluorine, chlorine, phosphorus, zirconium, 
titanium, and the cerium-yttrium group of metals ; 

(2) their very frequent occurrence in association with thick 
limestone formations. 

The first point was emphasized especially by C. H. Smyth, 
who pointed out that the elements with which these rocks tend 
to be enriched are the very ones which are characteristic of 
pegmatite veins. Since the segregation of pegmatite is 
generally believed to have been accomplished with the aid of 
water and other volatile compounds of low molecular weight 
(the so-called “ mineralizing agents ’’), Smyth claimed that the 
same agents, especially water, must play an essential part in 
the genesis of nepheline-bearing rocks. This contention may 
be freely granted, but it fails to explain the deficiency of silica 
which caused nepheline to appear in place of the usual albite 
and quartz of pegmatite veins. 

R. A. Daly (1) lays stress on the second point and main¬ 
tains that most feldspathoidal rocks have been produced from 
basaltic or granitic magma by reaction with limestone. He 
supposes that some of the silica which would normally have 
entered feldspar molecules combined instead with lime, and 
that the heavy calcium and magnesium silicates so formed sank 
through the magma, leaving the higher levels of the magma 
impoverished as regards silica. Daly also ascribes a part to the 
escaping carbon dioxide, and to magmatic gases, in carrying 
alkalis toward the top of the reservoir. The magma is sup¬ 
posed to become differentiated by this double agency into a 
lower pyroxenic portion and an upper, highly alkalic portion 
from which, by further differentiation, all possible types of 
alkali-rich rocks may be derived. 
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Evidence favouring Daly’s hypothesis finds an impressive 
amount of support in the field. Some of the evidence has 
already been cited in Chapter V, but we must now look further 
into the matter. Daly compiled a list of 234 districts in the 
world which were known (in 1910) to contain alkaline eruptives. 
Of these districts, 163 show the eruptive to be closely associated 
with carbonate rocks, 63 are indecisive, and in 8 districts only 
do the geological conditions appear to be unfavourable to his 
theory. That is, out of 171 occurrences where the geological 
environment is known, 95 per cent are in regions where lime¬ 
stone is present. 

It must be granted that mere association means little unless 
there is direct evidence of reaction. At the following localities 
there is direct field evidence of reaction between magma and 
carbonate rock, leading to the production of melanocratic rocks 
containing large amounts of diopside and other lime-rich 
minerals such as melanite, sphene, apatite, calcite, pectolite, 
rnelilite, perovskite, scapolite; with or without nepheline and 
cancrinite. 

Bancroft, Ontario. 

Mount Royal, Quebec. 

Oka Hills, Quebec. 

Ice River, B.C. 

Magnet Cove, Arkansas. 

Iron Hill, Colorado. 

Jacupiranga, Brazil. 

Loch Borolan, Scotland. 

Fen district, Norway. 

Alno, Sweden. 

Kuolajarvi, Finland. 

We shall discuss some of the more striking examples from 
the list, choosing first those in which the sedimentary origin 
of the limestone is clearly demonstrable. 

In the Haliburton-Bancroft district of Ontario, which was 
described and mapped by Adams and Barlow, the immensely 
thick limestone of the Grenville series has been invaded by 
batholiths of gneissose granite. In the southern portion of the 


Turja, Kola Peninsula. 
Kaindy River, Turkestan. 
Erie-su River, Turkestan. 
Tagobi-Sobak River, 

Turkestan. 

Patin Mtn., W. Siberia. 
Botogol Hill, Siberia. 
Granitberg, S.W. Africa. 
Sekukuniland, Transvaal. 
Palabora, Transvaal. 




Plate IV.—A dike of foyaite cutting limestone and forming a selvedge of 
calcium silicates along each contact. The abstraction of silica led inevit- 
ably to the formation of nepheline in the dike-rock. Mount Royal, Quebec. 
Alxmt three-fifths of actual size. Specimen given to Columbia University by 
Dr. J. A. Bancroft. 

\To face f. 31 fi 
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district the limestone is a fine-grained blue-gray rock of normal 
character; it is interbedded with sands, clays and tuffs, so its 
sedimentary origin is beyond question. Followed northward 
toward the granite batholiths, the gray limestone becomes 
coarser in grain and is associated with white crystalline marble 
which often contains grains of pyroxene, phlogopite and 
apatite. The gray and the white rocks are closely inter¬ 
mingled, and cores of the gray rock are sometimes preserved 
within the white. Some of the marble shows structures due to 
compression, and occasionally one finds veins and tongues of 
crystalline limestone which have been injected in a plastic con¬ 
dition into surrounding rocks {F, Chayes). 

The nepheline rocks of this district invariably occur either 
at the junction between granite and limestone or else in the 
limestone near such a junction. Adams and Barlow mapped 
more than twenty separate intrusions of nepheline rock, from 
bodies of several square miles to quite small sills, and their 
relation to the granite margin is so constant that one can hardly 
suppose it to be accidental. The foyaitic magma has often 
given plasticity and mobility to the adjoining limestone, with 
the result that foyaite and “ mobilized ** limestone moved along 
together and now form composite intrusions as strongly banded 
as any gneiss. About the foyaite masses the limestone is some¬ 
times charged with silicates or even converted entirely into 
pyroxenite or amphibolite. Near Tory Hill, W. G. Foye 
studied a body of feldspar-nepheline pegmatite which passes at 
its footwall contact into garnet-pyroxenite; the same contact 
rock is formed by some of the pegmatites along the York 
River. 

Adams and Barlow regarded the nepheline rocks as a 
“peripheral differentiation facies” of the granite, and indi-' 
cated that a gradual transition could be traced from granite 
through syenite into foyaite. Such a transition would have a 
great theoretical interest, but the writer finds himself unable to 
confirm it in detail. Both at Bancroft and at Tory Hill the 
foyaite seems to be younger than the granite, and there is no 
constant syenitic facies between them. Instead of a simple 
transition, there is frequently an oscillation of quartz-bearing, 
quartz-free, and nepheline-bearing facies without sharp 
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boundaries between them, as if due to differential movement in 
the semi-solid magma. A narrow strip of limestone often 
separates the foyaite from the granite. 

Another occurrence of nepheline-bearing rocks that seems 
highly favourable to Daly’s hypothesis is the laccolithic intru¬ 
sion at Loch Borolan in the north-west of Scotland. This is 



Fig. 47. 


one of the few localities where there seems to be a complete 
gradation from a quartz-bearing to a nepheline-bearing rock. 
The hill called Cnoc-na-Sroine is formed, in its upper part, of 
a fairly coarse granitic rock with abundant quartz, which 
different writers have called quartz-syenite or nordmarkite. 
This passes down by simple diminution of quartz content into 
syenite, and after the last trace of quartz has disappeared the 
syenitic rock develops a little sodalite and scattered grains of 
melanite. At the foot of the hill the rock holds much melanite 
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per cent; V (dotted), Cambrian limestone. 
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and sodic diopside, as well as micaceous pseudomorphs having 
the form of nepheline crystals. The hill is almost completely 
surrounded by white crystalline limestone, and dikes of 
melanite-nepheline syenite (so-called borolanite) cut the lime¬ 
stone at several points. A small body of melanite-pyroxenite, 
exposed at one point only, has the extremely high content of 23 
per cent of CaO. Younger dike-rocks include aegirine-micro- 
granite and foyaite with fresh nepheline and sodalite. Descend¬ 
ing from the top of the hill one observes a steady decrease in 
the silica content of the rocks, coupled with a rapid increase of 
lime and magnesia near the margin or floor of the intrusion 
(S. J. S., 2). The evidence connecting the appearance of 
nepheline with the assimilation of limestone seems quite com¬ 
plete. 

The intrusion described by J. A. Allan at Ice River, 
British Columbia, has a structure like that of the Borolan 
laccolith and exhibits rocks of similar character, although they 
are generally richer in nepheline. No oversaturated phase is 
present, but the rocks vary from leucrocratic sodalite-syenite at 
the top to ijolite, theralite, borolanite, jacupirangite, and other 
melanocratic types about the base. The intrusion is laccolithic 
in form; it has a limestone floor and the magma had to rise 
through 10,000 feet of Cambrian limestones to reach its present 
position. Rocks rich in lime-iron garnet are also developed at 
the granite-limestone contact at Sviatoy Noss, Transbaikalia. 
P. Eskola remarks upon the close resemblance between the 
pyroxene-syenite and garnet-pyroxene syenite of this locality 
and those of the Borolan laccolith. 

At all localities in Ontario, as well as at Ice River and 
Loch Borolan, the sedimentary origin of the limestone is un¬ 
questionable. P. Eskola recognizes the sedimentary origin of 
the graphitic limestone at Sviatoy Noss, remarking that after 
granite, graphitic limestone is the most widely distributed rock 
in the Transbaikalian highlands. We pass now to other locali¬ 
ties in which the source of the limestone is less obvious. 

In the district of Sekukuniland, eastern Transvaal, a stock 
of nepheline rocks having an area of about six square miles 
cuts the red granite of the Bushveld complex (Figs. 49, 60). 
In the heart of the stock there is a great block of crystalline 
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limestone fully half a mile square. The characteristic rock 
composing the stock is a schistose foyaite containing alkali- 
feldspar, nepheline and aegirine; but immediately round the 
limestone this rock gives way to a coarse-grained ijolite com¬ 
posed of nepheline (without any feldspar), diopside, melanite, 
sphene, and apatite, with cancrinite and calcite. A comparison 
of chemical analyses of the two extreme types shows that in 
consequence of assimilation of limestone the foyaitic magma 
lost fourteen per cent of silica and three per cent of ferric 
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Fig, 49. Flan of foyaite stock cutting granite; Sekukuniland, 

South Africa. The black area is an enclosed mass of limestone, 
measuring 1 mile x I mile, about which the foyaite has been 
changed into an ijolite rich in lime (dotted area). 

oxide, gaining instead ten per cent of lime, two of magnesia, 
three of phosphoric oxide, and one of carbonic acid; the pro¬ 
portion of nepheline rising in consequence from 27 to 62 per 
cent (S. J. S., 3). The limestone has been recrystallized and 
contains magnetite, apatite and the fibrous blue soda-amphi- 
bole, crocidolite. 

The source of this great limestone inclusion is not obvious 
until one realizes that the Bushveld granite is part of a lopolith, 
not a batholith, and that beneath its floor, perhaps three miles 
underground, there lies the thick dolomite series of the Trans- 
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vaal System, This great sheet of more or less magnesian lime¬ 
stone comes to the surface some fifty-five miles east of the Seku- 
kuniland stock, where its thickness is stated by A. L. Hall to 
be 970 feet. The magma that formed the stock must have inter¬ 
sected the Dolomite in its ascent, so it is unnecessary to look 
any further for the source of the great inclusion. Interesting 
confirmation is provided by the presence, in the limestone in¬ 
clusion, of fibres and tufts of blue crocidolite. This mineral 



Fig, 50. A hypothetical section through the Sekukuniland 
foyaite stock, lowing the source of the great limestone 
enclosure. 1, granite; 2, norite; 3, quartzite; 4, Pretoria 
series; 5 (black), limestone. Vertical and horizontal scales 
approximately the same. 

has not been recorded as a contact product anywhere in the 
world; but it occurs persistently in South Africa at a fixed 
horizon about the base of the Pretoria Series and the top of 
the Dolomite. The evidence is fairly strong, then, that the 
mass of thoroughly crystalline limestone enclosed in the Seku¬ 
kuniland stock is a recrystallized portion of the Dolomite 
formation. 

The complex of nepheline rocks at Magnet Cove, Arkan¬ 
sas, resembles the Sekukuniland stock very closely. It con¬ 
sists of foyaitic rocks which are succeeded towards the interior 
of the Cove by ijolites and jacupirangites—rocks rich in diop- 
side and melanite, and having a very high content of lime— 
and in the heart of the Cove there is the mass of crystalline 
limestone that one has learned to expect in such an environ¬ 
ment. The complex, which was first described by J. F. 
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Williams and afterwards by H. S. Washington, is intrusive in 
Carboniferous beds, beneath which there is a great thickness of 
older Paleozoic formations containing abundant limestone. 

'I'he Kaiserstuhl, in Baden, is just another Magnet Cove 
except that it has been less highly eroded and consequently the 
rocks are mainly lavas and breccias. Lumps of more or less 
altered limestone, containing melanite and apatite, are to be 
found, and in the centre of the complex there is a great mass of 
crystalline limestone measuring nearly a square mile (F. 
Graeff). Mesozoic limestones are present underground. 

The geological relations of the little stock of nepheline 
rocks in the Fen district, Norway, are almost identical with 
those of the Sekukuniland stock; but the Fen intrusion is much 
smaller and the enclosed block of limestone relatively larger, 
occupying nearly half the area of the stock. The eruptive rocks 
range in composition from foyaite to ijolite and pyroxenite, but 
the melanocratic types predominate greatly and many of them 
contain a great deal of calcite which forms crystals among the 
silicates. The name “ carbonatite is applied to intrusive 
rocks in which calcite is more abundant than silicates. W. C. 
Brogger, who has described this complex in great detail, ex¬ 
pressed the opinion that the carbonatite was formed from 
“ melted or assimilated limestone,” and indicated as a possible 
source the limestone of the Telemark formation, the nearest 
outcrop of which is now some 25 miles away. 

N. L. Bowen (1) has formed a radically different opinion 
about the origin of the carbonatites in the Fen intrusive. He 
claims that they have been formed by hydrothermal replace¬ 
ment of silicates by calcite, and that every stage of the replace¬ 
ment can be traced under the microscope. This would seem 
to annul the argument for a sedimentary origin of the lime¬ 
stone—but does it ? Where did the hydrothermal solutions get 
the enormous quantity of calcium carbonate needed to effect this 
replacement? Not from the eruptive rocks, for Bowen shows 
that the alkali-feldspars were the first minerals to be replaced; 
and lime-rich minerals such as diopside, hornblende, melanite 
and apatite survive unchanged in most of the rocks. To find a 
source of lime-rich solutions, in a country of acid granitic 
gneiss, is no easier than to find a source of massive limestone. 
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Another area which is remarkable for the intimate associa¬ 
tion of nepheline rocks with carbonates is the island of Alno, 
Sweden, which was described by A. G. Hogbom. In this case 
we have again to do with a stock of less than ten square miles, 
consisting of rocks rich in nepheline, intruded into a region of 
almost limeless granite gneiss. There is no single great en¬ 
closure of limestone, as in all the above instances, but the 



Fig. 51. Geological plan of the nepheline rocks on the island of Alnd, 
Sweden. (After A. G. Hdgbom.) 

1, gneiss; 2, quartz-free border of gneiss; 3, acidified margin of nepheline 
rodks; 4, nepheline rocks (foyaite, ijolite, etc.); dotted areas, nepheline 
rocks containing much calcite; cross-hatched areas, nepheline rocks inter¬ 
mingled with limestone; black areas, relatively pure limestone. 


nepheline rocks are thoroughly impregnated with calcite, which 
is present in all proportions from single crystals intergrown 
with the silicates up to masses of crystalline limestone several 
hundred yards long {Fig. 51). 
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H. Von Eckermann has recently made a new study (not 
yet published) of Alno. He finds that the limestone is not a 
disintegrated sedimentary formation but an intrusive carbona- 
tite, and that it forms cone-sheets converging upwards, towards 
the apex of a diatreme. He suggests “ a gravitational differen¬ 
tiation accompanied by rising COa-concentration.” But it is 
no easier to find a source of COa than to find a source of 
CaCOs. If there are no limestones in the Archaean of southern 
Sweden, then where did the COa come from ? 

Finally we have to mention the vents filled with brecciated 
rock and crystalline limestone which have lately been described 
by F. Dixey, W. C. Smith and C. B. Bisset in the Chilwa 
series of Nyassaland. The largest vent is four miles across, 
and several of the vents have emitted phonolitic lavas or else 
they contain small plugs of foyaite, ijolite, nephelinite in addi¬ 
tion to carbonate rock. These limestones are undoubtedly in¬ 
trusive, and since there are no limestones of similar quality or 
comparable mass in the Archaean of the region, the authors 
claim that the carbonates are of magmatic origin and com¬ 
parable to the carbonatites of Fen and Alno. 

Volcanic plugs filled with carbonatite, and associated with 
ijolite, foyaite, nephelinite and phonolite have lately been re¬ 
ported by W. Pulfrey in Kavirondo, Kenya, and by F. P. 
Mennell in Southern Rhodesia. 

Origin of Carbonatite 

S. I. Tomkeieff has discussed the role of carbon dioxide in 
igneous magmas, with special reference to the Fen area. He 
contends that the greater part of the CO 2 normally present in 
eruptive magma escapes during consolidation, but under suit¬ 
able conditions it may be so concentrated during the last mag¬ 
matic stages that “ not only did the carbonates crystallize out, 
but they formed an independent carbonatite magma-fraction.” 
He supposes that the upper zone in the pipe that supplied the 
Fen rocks was originally composed of an alkali-pyroxenite 
magma rich in CO 2 , and that from it there arose by ” crystal¬ 
lization-differentiation combined with diffusion of alkalies and 
volatiles ” three main rock series, namely the series of silicate 
rocks from urtite to jacupirangite, the series of iron-ore rocks, 
and the carbonatite series. 
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Nobody can doubt the facts so clearly set forth by von 
Eckermann and Dixey. Some limestone is intrusive; that has 
long been known. Plastic deformation of limestone is no new 
thing to Alpine geologists, who have described it again and 
again. The conversion of normal sedimentary limestone into 
intrusive carbonatite is clearly demonstrated in Ontario. It is 
certainly astonishing to find it intruded on such a large scale 
as in Nyassaland, where it seems to have come up like a great 
salt dome; but if one admits the existence of small intrusions 
of mobilized limestone it is not difficult to accept the evidence 
of larger ones. To admit that limestone may be mobilized and 
intruded in a plastic condition is a very different thing from 
believing in a carbonate magma, or a silicate-carbonate magma 
so charged with carbon dioxide that it could give rise, in 
crystallising, to the hollaite and the kasenite of the Fen area. 
Can a silicate magma dissolve a quarter of its own weight of 
carbon dioxide? We have no reason to suppose that it can. 
If it could, what sort of pressure would be necessary to keep 
the gas in solution ? Something tremendous, we may be quite 
sure. Yet the carbonatites of Nyassaland and the limestone of 
the Kaiserstuhl, which are associated with lavas and breccias, 
must have been pushed up nearly or quite to the surface. And 
even if it were possible to concede the magma and the pressure, 
have we any ground to suppose that, in crystallizing, the sili¬ 
cate-carbonate magma would differentiate into separate bodies 
of pure silicate rock and pure carbonate rock as Tomkeieff sug¬ 
gests? Neither geological observation nor chemical theory 
justifies such an assumption. 

The writer finds it easier to accept the evidence presented 
to his senses at Bancroft, Loch Borolan and Sekukuniland, and 
to regard all so-called “carbonatites” as mobilized or hydro- 
thermally redistributed sedimentary limestones. To the argu¬ 
ment that no limestone is known in the basement rocks of Fen 
and Alno, and only a few thin dolomites in Nyassaland, he 
can only reply that between imagining a deep-seated mass of 
limestone in the Archaean, which would be no such strange 
thing, and imagining a carbonate magma, w^hich would be a 
very strange thing indeed, he prefers the solution that puts 
the smaller strain on the imagination* 
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The Foyaite-Gabbro Association 
In Daly’s original account of the desilication hypothesis, 
basaltic rather than granitic magma was supposed to be the 
parent of the feldspathoidal rocks. Since the silica content of 
basaltic magma is much lower than that of granitic magmas, 
desilication should be more easily effected in this case. Now 
olivine-basalt does indeed give rise on occasion to nepheline- 
basalt and even to phonolite, but it is seldom that a direct con¬ 
nection can be established between gabbro and foyaite. Where 
these rocks are associated, as in the Bushveld Complex and in 
Essex County, Massachusetts, the foyaite is much younger 
than the gabbro, and there is no connecting link between them. 
Yet G. M. Saranchina has described an occurrence of nephe- 
line-garnet-melilite rocks at a gabbro-limestone contact on 
Patin Mountain, in the lower Jenissei region of Western 
Siberia. The gabbro holds xenoliths of limestone, and B. M. 
Kupletsky (2) says “without doubt the rocks were formed 
during the assimilation of carbonate rocks by the basic 
magma.” 

Again, in a remarkable occurrence which was recently 
described by B. Rama Rao, near Nanjangud, Mysore, a body 
of melilite-nepheline-calcite rock, and other curious reaction 
types containing leucite, have been formed at a gabbro-lime¬ 
stone contact. Foyaite, shpnkinite, and leucite rocks are also 
associated with a gabbro-monzonite series which is intrusive in 
limestone on the Kaindy River, north-east of Tashkent, 
Turkestan (Kupletsky (2)). 

The production on a relatively minute scale of melilite and 
nepheline in the contact zone of a dolerite dike which cuts 
chalk, at Scawt Hill, in northern Ireland, was conclusively 
demonstrated by C. E. Tilley and H. F. Harwood. 

Daly’s Hypothesis—Conclusion 
In all the cases described above, limestone can be seen in 
direct contact with the intrusive rocks and there is evidence of 
reaction between them. The products are such characteristic 
minerals as diopside, sphene, apatite, melanite, scapolite, wol- 
lastonite, pectolite, melilite, perovskite; and such characteristic 
rocks as diopside-pyroxenite, jacupirangite, ijolite, malignite, 
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borolanite—^that is, mesotype and melanocratic rocks contain¬ 
ing nepheline and some of the above minerals. So far as these 
rocks are concerned, Daly's hypothesis is proved. But what 
can we say of the leucrocratic foyaites which are so much more 
abundant than the rocks named above, and which are charac¬ 
teristically poor in lime? In the entire Pilansberg complex, 
covering 200 square miles, the rocks are all aegirine-foyaites 
and tinguaites and none of them holds even five per cent of 
lime. 

It is certainly difficult to understand why the greatest 
bodies of foyaite should present the least evidence of enrich¬ 
ment with lime, while smaller intrusions such as Magnet Cove, 
Iron Hill, Fen, Alno, present it abundantly. Can the ex¬ 
planation be that these complexes present different erosion- 
levels to our observation? In the Transvaal, Pilansberg is a 
laccolite and still retains some of its roof of volcanic rocks; 
the Sekukuniland stock has no trace of a roof; and Palabora 
is in the deeply dissected Low Veld which has been cut far 
down into the Archaean basement. One might compare 
Pilansberg to the head of a mushroom, Sekukuniland to the 
stalk, and Palabora to the root. Similarly Lujaur-Urt is a 
laccolite and retains some of its cover; but livaara, Kuolajarvi, 
Alno and Fen are stocks in the old gneiss and have been 
planed down nearly to their roots. 

One does not wish to push a hypothesis too far, but it 
seems to the writer that Daly’s hypothesis of the genesis of 
nepheline rocks has been proved in some of the cases that we 
have discussed, that it is probable in others, and that it is not 
impossible in any of the remaining cases. 

The greatest difficulty which this hypothesis has to 
overcome is not that of proving desilication but rather that of 
finding a source of heat to neutralize the cooling effect of the 
endothermic reaction with limestone. In this connection it is 
essential to realize that the amount of foyaite present, in any 
complex for which approximate data are available, is a very 
small fraction of the amount of granite or gabbro involved. In 
the Bushveld complex the estimated volume of foyaite is less 
than one per cent of the volume of granite. The proportion is 
roughly the same in the Haliburton-Bancroft district; in Essex 
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County, Massachusetts; and in the famous Christiania district 
of Norway. It is therefore permissible to suppose that the 
temperature of the small portion of magma which actually 
enters into reaction with limestone may be maintained by out¬ 
flow of heat from the main body of magma which adjoins or 
underlies it. 

Other Hypotheses 

Other hypotheses of the genesis of nepheline-bearing 
rocks have been advanced from time to time, but none of them 
has a backing of field evidence even remotely comparable with 
that which lends probability to Daly’s hypothesis. To explain 
the genesis of the Kola rocks, B. M. Kupletsky has supposed 
that a strong concentration of juvenile gases in a granitic 
magma causes the feldspar molecules to dissociate and yield 
feldspathoids. If this is so, where is the evidence of it ? Where 
is the vast amount of silica that must have been set free by the 
reaction, and why do we never find quartz and nepheline to¬ 
gether ? 

N. L. Bowen (2) has proposed an ingenious theory based 
upon the incongruent melting of orthoclase and the actual 
occurrence of “ pseudo-leucite ” in certain rocks. From a 
magma containing the components of orthoclase, with “ not 
more than a moderate excess of free silica,” leucite may crystal¬ 
lize at an early stage. This has actually happened in the 
” wyomingite ” of the Leucite Hills and the ” wolgidite” and 
other leucite rocks of Western Australia. With slow cooling, 
all this leucite would normally be resorbed at a lower tem¬ 
perature; but if there was in the early stage some relative 
movement of crystals and liquid, so that one portion of the 
liquid was imp>overished with leucite and another portion en¬ 
riched with it, then these two bodies of magma must behave 
differently in cooling. The first portion, in consequence of the 
removal of leucite, is relatively enriched with silica; no more 
leucite will be formed from it, and any crystals that remain will 
react with the liquid to form orthoclase. The second portion, 
having been enriched with leucite, no longer has enough free 
silica to convert all the leucite into orthoclase; instead, the 
crystals are replaced at the reaction temperature by an aggre¬ 
gate of orthoclase and nepheline, the so-called pseudo-leucite. 
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Bowen conceives that under favourable circumstances these 
two minerals might crystallize about independent nuclei in¬ 
stead of forming the customary pseudomorphs; in that case the 
final product would be an orthoclase-nepheline rock retaining 
no indication of its leucitic parentage. The possibility may be 
admitted that some rather limited bodies of nepheline rocks 
have originated in this way; but the special factors involved in 
such a genesis must place severe restrictions upon the general 
applicability of the hypothesis. In the first place the magma 
must have a special composition, neither too sodic nor too 
siliceous; crystallization must begin at a temperature above the 
leucite-orthoclase boundary surface; extensive differential move¬ 
ment of crystals and liquid must take place before the reaction 
temperature is reached; and finally the products of reaction, 
orthoclase and nepheline, must crystallize separately instead 
of forming the usual pseudoleucite aggregates. It is unlikely 
that these conditions will often be satisfied. 

Bowen applied this hypothesis to the explanation of the 
Loch Borolan laccolith. Assuming that the density of the 
syenitic magma could not be very different from that of rhyo¬ 
litic obsidian (2*37), he judged that leucite crystals, which have 
a density of 2-46 at ordinary temperature, would be slightly 
denser than the magma and would therefore sink and accumu¬ 
late about the base of the laccolith. There are actually in this 
position certain rocks which contain little rounded aggregates 
of orthoclase and zeolites, long considered to be pseudo-leucite 
and so described by Horne and Teall. To this extent the facts 
seem to fit the hypothesis, but there are difficulties which must 
not be ignored. The most serious is that all the rocks which 
contain the supposed pseudo-leucite are also rich in melanite 
and have a density of about 3. It is impossible that leucite 
crystals could have sunk into a layer of magma of this density. 
Even if we make the assumption that the sinking of leucite 
took place before the magma acquired the components of 
melanite from its limestone walls, it is still impossible to believe 
that the leucite crystals could have remained suspended in a 
magma which was steadily increasing its density by assimilat¬ 
ing limestone. Until these difficulties can be explained away, 
it will not be permissible to regard the Borolan laccolith as 
demonstrating, the truth of Bowen’s hypothesis, 
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A more favourable testing ground for Bowen’s hypothesis 
has been found in the Highwood Mountains of Montana, where 
both leucite and pseudo-leucite are present and the nature of 
the latter is hardly in doubt, in spite of a complication intro¬ 
duced by the presence of analcime. In this region, as E. S. 
Larsen and colleagues have shown, differential movement of 
leucite (or pseudoleucite) and liquid undoubtedly took place, 
although it was a flotation, not a sinking of the crystals. 
Larsen says that “ In rocks with a fine-grained groundmass, 
the leucite is in sharply bounded crystals. ... As the ground- 
mass becomes coarser, the pseudoleucite becomes coarser- 
grained and forms less sharply bounded crystals. In rocks 
with still coarser groundmass the leucite merges with the 
groundmass. ... In the final stages, all evidence of pseudo¬ 
leucite is lost, and the resulting rock is a shonkinite.” In this 
case most of the requirements of Bowen’s hypothesis seem to 
be satisfied. But the parent magma of the shonkinitic rocks 
in the Highwood Mountains was already undersaturated with 
silica at the earliest stage that is accessible to our observation. 
The hypothesis does not explain how this undersaturated, 
strongly potassic magma came into existence. 

As regards the other soda-feldspathoids, sodalite, haiiyne, 
nosean and cancrinite, it seems unnecessary to discuss their 
genesis apart from that of nepheline, with which they are 
almost invariably associated. They are most simply regarded 
as addition products of nepheline containing chloride, sulphate, 
and carbonate radicles respectively. 

Rocks Containing Analcime 

The case of analcime is peculiar, for this mineral contains 
twice as much silica as nepheline does and in addition it holds 
one molecule of loosely combined water. Although it is best 
known as a secondary mineral in vapour cavities, where it is 
associated with zeolites and calcite, analcime is becoming more 
and more widely recognized as an apparently primary con¬ 
stituent of certain sodic rocks. In these it may form euhedral 
crystals, sometimes 1-2 centimetres in diameter, set in a fine¬ 
grained trachytic, phonolitic, or basaltic groundmass. In 
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some syenitic and foyaitic rocks analcime is entirely allotrio- 
morphic, filling the sharply angular interstices between feld¬ 
spar laths; in this case the feldspar may either be unaffected 
or it may be deeply corroded and replaced by analcime. Again, 
in some melanic dike-rocks and lavas, analcime forms rounded 
bodies (ocelli) in which it is occasionally associated with idio- 
morphic nepheline crystals. In the last two cases it would 
probably be correct to regard the analcime as a deuteric rather 
than a magmatic product. 

Good trapezohedral crystals of analcime were discovered 
by C. W. Knight in a trachyte tuff in Alberta, Canada; 
Knight was led to predict the discovery of analcime-trachyte, 
to which he gave in advance the name blairmorite. Blocks of 
such a rock were collected later by J. D. MacKenzie, but no 
body of the rock seems to have been found in place. The rock 
consists of large flesh-red crystals of analcime in a fine-grained 
groundmass of analcime, sanidine, nepheline, pyroxene and 
melanite. Lavas of the same character as blairmorite have 
since been recognized in Rhodesia (Dixey and Smith), and a 
remarkable analcime-tinguaite was described by J. A. Bartrum 
in New Zealand. H. S. Washington demonstrated in 1914 
that the supposed leucite crystals in certain basalts of Sardinia 
are actually analcime, thereby throwing suspicion upon other 
occurrences of supposed leucite in highly sodic rocks. Al¬ 
though analcime normally contains no more than a trace of 
potash, Larsen and Buie have recently described an occurrence 
of potassic analcime in rocks of the Highwood Mts., Montana. 

The question arises whether a silicate containing 8 per cent 
of water, which it gives off about 500® C., could possibly be the 
first mineral to crystallize from a trachytic or basaltic magma, 
even if one admits that that magma was a very hydrous and 
strongly sodic one. The unlikelihood of such a thing has led 
many authorities to regard these analcime insets as pseudomorphs 
after leucite crystals. It is known that leucite can be trans¬ 
formed into analcime, and analcime into leucite, by the action 
of solutions of soda and potash salts respectively. Neverthe¬ 
less, other authorities have considered the insets to be primary 
analcime. The truth is that there is no known way of decid¬ 
ing between the two possibilities. F. A. Bannister has com- 
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pared the X-ray spectrum of one of these questionable analcime 
crystals with that of leucite, but finds it impossible to decide 
whether the analcime is primary or pseudomorphous. J. W. 
Gruner showed that the atomic structure of analcime is not 
destroyed by heating to 700‘'; and J. B. Lyons holds that “ the 
field facts do not demand that the analcime did not crystallize 
at magmatic temperatures.’* 

In the second type of occurrence, analcime is confined to 
the angular spaces between the feldspars, which may be either 
anorthoclase or plagioclase. The mineral does not simply line 
these cavities with separate crystals, as happens when a vapour 
cavity is filled with zeolites, but each interspace is completely 
filled with analcime which shows the same cleavage directions 
throughout. Can it have been formed at the expense of some 
soda-rich mineral that formerly occupied the cavity? J. F. 
Williams has described the alteration of interstitial nepheline 
into analcime in Arkansas, but this explanation will not serve 
in every case. The writer Has described a foyaite at Frans- 
poort, Transvaal, which contains idiomorphic crystals of 
nepheline as well as interstitial analcime. The former has 
crystallized before feldspar and aegirine; the latter crystallized 
after feldspar and it surrounds idiomorphic needles of aegirine 
(S. J. S., 4). 

One may suppose that when the temperature of the magma 
was comparatively high and the concentration of water had not 
reached its maximum, the available silica was distributed be¬ 
tween nepheline and albite and crystallization began with these 
phases. As the temperature fell and the concentration of water 
increased, the stability region of analcime was reached and the 
last of the magma crystallized in that form. 

But if this view is correct, it must compel us to reconsider 
the case of blairmorite and other rocks with porphyritic anal¬ 
cime. In some of these rocks there is nepheline in the ground- 
mass which surrounds the analcime insets. A return from the 
hydrous condition of the magma that favours the production of 
analcime to the less hydrous condition that permits nepheline to 
be formed is surely inconceivable, since it would involve the 
destruction of the analcime crystals. Thus one seems com¬ 
pelled to accept the older view, that the insets of analcime in 
these rocks are pseudomorphous after leucite. 
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As regards the classification of these puzzling analcime 
rocks, we may agree with A. Lacroix, who says, “It is not 
necessary to make a special group parallel to that of the 
nepheline rocks; it is preferable to consider them as a special 
case of the latter, from which they differ only in this, that rich¬ 
ness in magmatic water has permitted the crystallization, at 
low temperature, of analcime in place of nepheline.’* 

Extrusive Rocks 

After this long discussion of the intrusive nepheline rocks, 
the extrusive rocks may be treated very briefly. Some 
phonolite is certainly connected with foyaite underground, as 
in Pilansberg and Leeuwkraal, South Africa. But small 
bodies of phonolite are sometimes developed, just as small 
bodies of trachyte are developed, in connection with olivine- 
basalt. The phonolitic trachytes of St. Helena and other 
oceanic islands sometimes carry small amounts of nepheline or 
sodalite. It is unlikely that assimilation of limestone played 
any part in these cases. A more likely solution may be found 
in the equation 

plagioclase + olivine<=>nepheline+pyroxene. 

That this is a real reaction is indicated by the occurrence 
of plagioclase and olivine in some rocks, of nepheline and 
clino-pyroxene in others, and of all four minerals in a third 
group. Thus from an olivine-basalt magma a nepheline-bear- 
ing magma may be developed under certain conditions; and 
the separation of residual liquid from such a magma during 
its crystallization might yield a small body of phonolite. 

The nepheline-plagioclase lavas may also originate in more 
than one way. The reaction that we have just discussed may 
produce a nepheline-tephrite or basanite in place of common 
olivine-basalt; but the quantity of nepheline that could be 
formed by this reaction is limited by the rather small content 
of olivine in the average olivine-basalt. The nepheline content 
might be increased by gravity concentration; but in the genesis 
of nepheline-rich tephrites and basanites it is likely that Daly’s 
reaction has played its part, as it certainly has in the case of 
the leucite-tephrites of Mount Vesuvius. 
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The formation of nepheline-dolerite from an olivine-basalt 
magma, under conditions that were almost those of extrusion, 
has been fully and convincingly described by Tilley and 
Harwood. At Scawt Hill, in northern Ireland, a small plug 
of olivine-dolerite has broken through chedk, and between the 
two there is a zone of intense reaction. The basaltic magma 
has assimilated so much chalk that it gave rise to pyroxene- 
rich dolerite and pyroxenite, as well as a small amount of 
nepheline-dolerite. In this reaction, nepheline was formed at 
the expense of plagioclase, and at the same time the common 
augite of the dolerite, which contains a small excess of MgSiO* 
over CaSiOa, was replaced by a purple titanaugite in which 
CaSiOs is in excess. With still further assimilation of lime, 
melilite was formed in addition. The total amount of 
nepheline-dolerite is small, because the whole intrusive body 
is small and chilling took place very rapidly; but the occur¬ 
rence affords at least a qualitative proof of Daly*s hypothesis. 

The Occurrence and Genesis of Leucite Rocks 

Rocks containing leucite have a very restricted distribu¬ 
tion and they are almost entirely extrusive. Even when they 
make a big show on the surface, as in the Roman region and 
in central Africa, the actual volume of leucite-bearing rock is 
small. H. S. Washington made an approximate computation 
of the volume of leucitic lava emitted by the seven volcanoes 
in the Roman region. The distance from the most northerly 
of these volcanoes, Bolsena, to the most southerly, Mount 
Vesuvius, is about 170 miles, and the area covered by the 
ejectamenta is about 2,340 square miles. This is more than 
double the area of Umptek and Lujaur-Urt together; yet 
Washington’s estimate of the volume of all the leucitic lava 
in this area is only 40 cubic kilometres or about 10 cubic miles. 
No doubt much of the tuff within the area represents disin¬ 
tegrated leucitic lava; but even if we doubled or trebled 
Washington’s estimate the result would not be very impressive. 

It is questionable whether any other region of leucite 
rocks equals the Roman region in size. The nearest is the 
volcanic field at the north end of Lake Kivu in central Africa, 
which covers an area of 1,450 to 1,500 square miles (Combe 
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and Simmons). Some of the lavas were very fluid and spread 
far over the low land, but there is no reason to estimate the 
thickness of the flows at more than a few score feet, and a 
considerable proportion of the lava is not leucite-bearing. 
Probably 10 cubic miles is an ample estimate for all the leucitic 
lava in this field. 

The Leucite Hills in Wyoming are a group of 22 little 
hills formed of cones and sheets of (mainly) leucite-bearing 
lava (Kemp and Knight). The hills are scattered through an 
area of 30 by 25 miles, but the lavas have not spread far from 
the vents, and Washington indicates that the total volume of 
leucite rock is no more than one-fiftieth of that in the Roman 
region. 

In the West Kimberley district of Western Australia, a 
group of 20 small craters, plugs and dikes have yielded leucite 
rocks which resemble most closely those of the Leucite Hills. 
The volume of rock exposed is quite small (Wade and Prider). 

Leucitic lavas occur in the East Indies, especially in Java 
and Celebes (Iddings and Morley). There are five volcanoes 
strung along a 300 mile line in north-east Java which have 
yielded chiefly leucitic lava. The minor occurrence on Celebes 
is 500 miles away, so it is hardly justifiable to consider it as 
part of the Java field. It is not possible to form any estimate 
of the volume of leucite-bearing lava in this region. 

The absence of plutonic rocks containing leucite is remark¬ 
able. The “ missourite of the Highwood Mountains, 
Montana, which is generally named as the plutonic equivalent 
of leucite-basalt, is not really a plutonic rock at all; it occurs 
in very limited amount in a stock or volcanic plug among 
rocks of the most variable texture and composition. Among 
the ejected blocks on Monte Somma there are some that have 
been described as leucite-syenite, leucite-foyaite, and leucite- 
bearing pyroxenite, but these rocks are not found in place. 
Blocks of leucite-ijolite have been found on Niligongo, 
one of the volcanoes of the Lake Kivu field. Granular 
rocks containing pseudo-leucite together with nepheline, pyro¬ 
xene, melanite, have been described on the Kaindy River in 
Turkestan (V. Nikolajew). The borolanite of N.W. Scotland 
is a doubtful member of the pseudo-leucite class. 
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As regards the genesis of this very rare group of rocks, 
it is to be observed that leucite is commonly associated with 
some proportion of nepheline, and that melilite and melanite 
are rather frequent accessory constituents of leucite rocks. 
This suggests that assimilation of limestone may have played 
a part in the genesis of these rocks. The question has been 
investigated, in the case of Mount Vesuvius, by A. Rittmann. 
This best known of all volcanoes has drilled its vent through 
two miles of Cretaceous limestone and Triassic dolomite. 
Rittmann shows that the degree of silication, or the ratio of 
the actual molecular proportion of silica to that necessary for 
complete saturation of all the silicate minerals, has declined 
steadily in the course of time from 0*89 in the oldest prehis¬ 
toric pumice to 0*67 in the recent lavas. In terms of minerals 
this means that there has been a progressive reduction in the 
feldspar content of the lavas and a corresponding increase in 
the content of leucite and nepheline, combined with increasing 
colour-index. Rittmann concludes that the development of 
the Vesuvian magma from the ancient Somma magma has 
involved assimilation of the Triassic dolomite and gravita¬ 
tional differentiation of the contaminated magma. 

Other well-known leucite regions are also underlain by 
limestone; this is true of the Leucite Hills; the Eifel; Bohemia; 
the West Kimberley district; Kaindy River, Turkestan; the 
Trans-Caucasus; and the Java and Celebes fields. In Java, 
H. A. Brouwer has found a remarkable demonstration, al¬ 
though on a minute scale, of the formation of a leucitic glass 
from an andesitic magma by reaction with an enclosure of 
limestone. 

The Lake Kivu region is a critical one for the hypothesis 
that limestone plays a part in the generation of leucitic lavas. 
A. D. Combe and W. C. Simmons, of the Geological Survey 
of Uganda, mapped the Bufumbira area, the eastern portion 
of the Kivu field, and they do not record any limestone there 
or in western Uganda in general; consequently A. Holmes and 
H. F. Harwood (1), who have furnished an admirably detailed 
account of the petrology of the lavas, dismiss Daly’s hypo¬ 
thesis from consideration on the ground that “there is little 
or no limestone or dolomite to be assimilated,” 
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It cannot be too often repeated that the absence of out¬ 
crops of limestone is no proof of its absence in depth, especi¬ 
ally among Archaean rocks.^ The following points suggest 
that the proportion of limestone in the basement of western 
Uganda may be greater than the outcrops suggest. 

Right on the northern margin of the Kivu volcanic field, 
near Rutschuru, Lacroix and Delhaye have described a con¬ 
siderable body of foyaite. In the composition of this rock 
both cancrinite and melanite play a part, and calcite is also 
mentioned as a constituent. To anybody who has studied the 
genesis of nepheline, melanite and cancrinite, this occurrence 
is very significant. An entirely similar occurrence is recorded 
by J. I'horeau in Urundi, south of Lake Kivu, with diopside- 
pyroxenites and scapolite-pyroxenites. 

In the Toro-Ankole district, north and south of Lake 
George, there are many explosion craters, some with tuff cones 
and small bodies of lava. A number of ejected blocks from 
these craters, collected by the Geological Survey of Uganda, 
were described by Holmes and Harwood (2). Among them 
were fragments of various leucite, melilite and nepheline-bear- 
ing lavas, many of them highly carbonated; also melanite- 
pyroxenite, sphene-pyroxenite, tremolite-amphibolite; besides 
gneiss and granite. The association of melilite with diopside, 
melanite, sphene, perovskite and tremolite in these boulders 
should make one hesitate to assert the non-existence of lime¬ 
stone in the basement of western Uganda. 

What is the alternative to reaction with limestone, as an 
explanation of the genesis of leucite-bearing and melilite-bear- 
ing lavas in western Uganda and the Lake Kivu field? 
Holmes offers us a series of purely hypothetical reactions in¬ 
volving augite-peridotite, “emanations,** and feldspathized 
sediment. “Emanations** seem to play the same part in 
some modern petrology that'“ humours ** played in medieval 
medicine; they may be used to explain anything. The only 
tangible evidence for Holmes* speculations is the occurrence 

distingui^ed reviewer in the Journal of Geology takes exception to this 
statement, claiming that it shows blind faith in a theory.*' Surdy the 
man who shows blind faith is the one who makes positive statements about 
the composition of a solid prism of rock after seeing only one of its end 
faces. 
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of occasional nodules of peridotite and pyroxenite in the 
Bufumbira lavas and tuffs. It is not clear that these frag¬ 
ments are any more numerous than those that contain melanite 
and perovskite, or any more valuable as evidence in the in¬ 
vestigation. It seems to the writer that the evidence of the 
lime-silicate fragments, added to that of the Rutschuru foyaite 
and the melilite-bearing lavas, puts the case for deep-seated 
limestone in the basement rocks of western Uganda and the 
Lake Kivu region in a stronger position than any hypothesis 
that depends upon hypothetical emanations. 

An account of the genesis of leucite rocks must explain 
not only the deficiency of silica, but also the excessive con¬ 
tent of potash in relation to soda. Rittmann has considered 
this aspect of the problem at Mount Vesuvius and thinks the 
explanation is to be found in expulsion of soda from the 
magma into the country rocks. It is not easy to study the 
contact rocks beneath an active volcano, but the ejected blocks 
of metamorphosed limestone contain nepheline and sodalite as 
well as lime silicates. 

There are to be found in the literature quite a number of 
descriptions of potash-rich rocks at limestone contacts. For 
instance, Dixey and Smith comment upon the high potash 
content of the feldspar that is associated with the carbonatites 
of Nyassaland. G. A. Joplin noted the appearance of ortho- 
clase in the reaction zone between diorite and limestone at Ben 
Bullen, New South Wales. A simultaneous enrichment with 
potash and lime is recorded in rocks of shonkinitic or malignitic 
character at Predazzo, Loch Borolan, Sviatoy Noss, and 
Kaindy River (S. J. S., 7). Since limestone cannot furnish 
potash to a magma, it seems to follow that the enrichment 
with potash is relative and that it has been effected by expul¬ 
sion of soda. 

The granite-limestone contact at Palabora, Transvaal, 
was described in Chapter V, and it was shown that there is 
evidence of three distinct processes, namely desilication of 
granitic magma, assimilation of lime and magnesia, and 
elimination of soda (S. J. S., 6). From a soda-potassic granite 
there has thus been formed a microcline-diopside rock that is 
as nearly as possible free from soda. Where the soda has gone 
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is by no means clear, nor the form in which it was expelled; 
but perhaps the likeliest supposition is that it escaped in the 
form of a very fluid foyaitic magma, to form independent in¬ 
trusions at a higher level in the crust. It is not thought that 
the microcline-diopside rock existed as a magma, but it has 
acquired the very high content of potash which is a pre¬ 
requisite for the formation of leucite. 
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The fart of wisdom is to know that we don't know^ and not 
fool ourselves with long words .— Upton Sinclair. 

CHAPTER XIX 

METEORITES 

The greatest weakness of petrography, as a method of investi¬ 
gating the composition of the earth, is that direct observations 
can only be made upon rocks that have crystallized within a 
few thousand feet from the surface, say a thousandth part of 
the earth’s radius. There is good reason, no less on petro¬ 
logical than on geophysical and astronomical grounds, to sup¬ 
pose that the matter that forms the interior of the planet is 
different in many respects from surface rocks; but direct obser¬ 
vation of this matter is naturally impossible. It is here that 
meteorites come to our assistance. It is quite immaterial what 
view one holds regarding the origin of meteorites. Astronomy, 
supported by the spectroscope, has shown that the universe is 
formed of the same elementary materials throughout; so 
whether one regards meteorites as shattered stars or shattered 
planets, nebular knots or condensed comets, as bolts from the 
sun or as bombs from terrestial volcanoes, the important fact 
for us is that meteorites bring to our notice a type of rock 
existing in the solar system but different from anything that 
occurs in the outer shell of our planet; and this material has 
just the sort of composition that petrology, geophysics and 
astronomy combine to indicate as likely to be found in the in¬ 
terior of the earth. For this reason, the study of meteorites 
has an extraordinary interest for the petrologist, and no dis¬ 
cussion of eruptive rocks can be complete which ignores this 
fascinating aspect of the subject. 

Meteorites show their relationship with the more familiar 
eruptive rocks in many ways. Most of the constituents of 
meteorites, though not all, are identical with common rock- 
forming minerals, and they show the same crystalline habit as 
these. The textures of meteorites are partly similar, to those 
of eruptive rocks and partly different; but the differences 
between meteorites and terrestial lavas are not more striking 
than those between lavas and plutonic rocks, or lavas and 
tuffs. On the other hand, meteorites have scarcely any char¬ 
acters in common with sedimentary rocks or crystalline schists. 
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The Chemistry of Meteorites. 

The abundant chemical elements in eruptive rocks are 
oxygen, silicon, aluminium, iron, calcium, sodium, potassium, 
magnesium, and titanium, in that order, with hydrogen and 
sulphur occasionally rising to prominence. (See the table on 
page 31.) 

The common elements in the iron meteorites are iron and 
nickel, with small quantities of cobalt, manganese, and copper. 
The elements of the stony meteorites (disregarding admixed 
grains of nickel-iron) occur in the following order of abund¬ 
ance, according to a computation by G. P. Merrilloxygen, 
silicon, magnesium, iron, aluminium, calcium, sodium, chro¬ 
mium, manganese, potassium. 

There is a difficulty about combining these statements into 
a conclusion that could be applied to all meteorites. Stony 
meteorites fall much more numerously than iron ones, but 
owing to their brittle character they tend to be dissipated in the 
form of small fragments and dust and so to escape notice. 
The largest known meteoric stone reached the earth as a lump 
of only 1,200 lbs. in weight. Again, the similarity of meteoric 
stones to many terrestrial rocks makes their discovery largely 
a matter of accident. The iron meteorites, on the other hand, 
are comparatively big. The Cape York iron, from Greenland, 
is eleven feet long and weighs over 36 tons. The Hoba 
meteoric iron, in South-West Africa, measures ten feet by nine 
as it lies in the ground, and the apparent thickness is about four 
feet. L. J. Spencer (1) estimates the weight to be about sixty 
metric tons. Even a small lump of iron is more likely to attract 
notice than a lump of stone; thus it is certain that no compari¬ 
son of irons and stones, either by number or by weight, can 
give a trustworthy base for computing the relative abundance 
of the chemical elements in the irons and stones combined. 
W. A. Wahl holds that the order of abundance is approxi¬ 
mately as follows :—iron, oxygen, silicon, magnesium, alumin¬ 
ium, calcium, nickel, sodium, sulphur, potassium, cobalt, 
phosphorus, carbon, hydrogen. 

By adding together all the reliable chemical analyses that 
have been made, without taking weights into account at all, 
O. C. Farrington formed the following estimate of the average 
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composition of meteorites:— 


iron . 72-06 

oxygen . 10*10 

nickel . 6-60 

silicon . B-20 

magnesium . S-80 

sulphur . -49 

calcium . -46 

cobalt . -44 


aluminium . -39 

sodium . -17 

phosphorus . *14 

chromium . *09 

potassium . *04 

carbon . *04 

manganese . *03 

other elements . *05 


In addition to those named, a number of other elements 
have been detected in very small quantity; these are chlorine, 
copper, tin, titanium, vanadium, gold, the metals of the plati¬ 
num group, and the inert gases. No element has been found 
in meteorites that was not already known on the earth; on the 
other hand, some of the comparatively common elements have 
not yet been detected in meteorites. Of these fluorine is the 
most conspicuous example; while the almost total absence of 
the strongly radioactive elements from meteorites is a point of 
some significance. 

Elements which occur in the native, or uncombined, state 
are iron, nickel, cobalt and carbon, commonly; manganese, 
copper, hydrogen, nitrogen and other gases, gold and the 
platinum group of metals, in traces. Copper is a very scanty 
component of most meteoric irons, but the Richardton stone 
exhibits specks of native copper. The platinum metals have 
been found in Arispe, Cape York, Canon Diablo and other 
irons,, and gold in Melrose. The purely stony meteorites, 
such as Juvinas and Stannern, contain none of these very 
heavy metals. The presence of native phosphorus in the 
Saline stone, Kansas, was announced by O. C. Farrington. 

W. A. Wahl has pointed out that the elements which are 
found in the native state are those whose oxides have a low 
heat of formation, as the following table shows : — 


Mff -h O = MgO + 145*8 cal. 
Ca + O = CaO + 131*3 „ 
Al, 4. 0, = ALO, 4*(3xl31-2) „ 
Na* 4-0 = Na.O-f 100*2 „ 
Ka + O = K.O 4- 97*1 „ 

Si 4-0,= SiO, + (2x90*9) ,, 


Mn 4- O = MnO 4- 90*8 cal 

C 4- O = CO 4- 68*2 ,, 

Fc 4- O = FeO 4- 64*6 „ 

Co 4- O = CoO 4“ 63*8 

Ni 4- O = NiO 4 59*7 ,. 

Cuj 4" O = CUoO 4* 43*8 
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Each element in this list is able to reduce the oxides of those 
which follow it in the list; thus no iron can become oxidized 
until all the sodium is in the form of the oxide; no nickel, 
until all the iron has been oxidized, and so on. This leads 
directly to a conclusion that has been established by G. T. 
Prior, that in meteoric stones generally, the poorer they are in 
nickel-iron, the richer that iron is in nickel, and the richer in 
iron are the magnesium silicates. 

The Mineralogy of Meteorites 

The minerals of meteorites may be discussed in two 
groups, as follows :— 

(1) Minerals which occur in terrestrial eruptive rocks; 

(2) Minerals which have not been found in terrestrial rocks. 
The common minerals of group (1) are olivine, ortho-pyro¬ 
xenes, clino-pyroxenes (generally rather poor in lime and 
nearly free from alumina), plagioclase feldspars ranging from 
anorthite to oligoclase, chromite, and pyrrhotite (including the 
variety troilite). The less common minerals of this group are 
quartz, which has been found in the St. Marks stone as well 
as in several irons; tridymite, graphite, magnetite, chlor- 
apatite, various hydrocarbons, and some soluble salts such as 
NaCl. Minute dianionds have been identified in Cafion 
Diablo iron, and a red spinel was reported by W. M. Foote in 
the Holbrook stones, but this has been disputed. 

The chief members of group (2) are the alloys of iron with 
nickel, including a little cobalt, manganese and copper. When 
a pK>lished surface of an iron meteorite is treated with a suitable 
etching reagent, a peculiar structure is often revealed which 
shows that the iron is built up of intersecting plates of at least 
two materials, differing in colour and in resistance to acids, 
while a third material fills the angular interstices. The broader 
plates, which are more readily attacked by acids, consist of an 
alloy called kamacite, having the approximate composition Fe 
93 per cent, Ni( + Co) 7 per cent. Narrower plates, the edges 
of which stand out in relief on the etched surface, are composed 
of taenite, another alloy containing from 14 to nearly 50 per 
cent of nickel (and cobalt); this alloy is much less abundant 
than kamacite and is sometimes entirely absent. The material 
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which fills the interspaces is called plessite; it is intermediate 
in composition between kamacite and taenite, and it is perhaps 
just a microcrystalline aggregate of these two alloys. 

Alloys of iron and nickel are not entirely unknown in ter¬ 
restrial rocks. Masses of iron containing one to two per cent 
of nickel were found in basalt on Disko Island, West Green¬ 
land, and grains of nickeliferous iron have been found in 
gravels derived from serpentine and peridotites in New Zea¬ 
land and elsewhere; but these irons differ both in structure and 
in composition from the iron of known meteorites. 

Other minerals which occur in meteorites, but not in erup¬ 
tive rocks, are lawrenceite (ferrous chloride); cohenite, a car¬ 
bide of iron and nickel corresponding to the formula (Fe,Ni)sC; 
schreibersite, a phosphide of the same metals (with a little 
cobalt) having the formula (Fe,Ni) 3 P; oldhamite (calcium sul¬ 
phide) ; daubrielite, a double sulphide of iron and chromium, 
FeCr 2 S 4 , which is the sulphur analogue of chromite; mou- 
sanite or carborundum (silicon carbide, SiC); merrillite, a rare 
phosphate corresponding to the formula 3 Ca 0 ,Naa 0 ,Pa 05 ; 
and maskelynite, once thought to be a distinct mineral of 
isometric crystallization, but now considered to be plagioclase 
feldspar which has been heated to a temperature at which the 
atomic space lattice broke down. 

The Texture of Meteorites 

In respect of texture, meteorites fall into two main groups. 
Those of one group resemble products formed by the crystal¬ 
lization of a liquid; those of the other group are comparable 
rather to volcanic breccias and tuffs. To the former group 
belong most of the irons and only a few stones, the majority 
of meteoric stones being brecciated or tuffaceous. 

The iron meteorites (siderites) show three varieties of tex¬ 
ture, characterized respectively by (a) the arrangement of 
plates of kamacite parallel to the faces of a cube (hexahedral 
irons or hexahedrites); (b) the arrangement of plates of kama¬ 
cite and taenite parallel to the faces of an octahedron (octa¬ 
hedral irons or octahedrites); (c) an apparent absence of any 
regular structure (ataxites). Accessory minerals such as 
schriebersite, cohenite, and pyrrhotite are generally present; 
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they form irregular nodules in the nickel-iron, and it is clear 
that they were the first substances to crystallize; they were 
followed by kamacite, taenite, and plessite, in that order. 

In the syssiderites there is a continuous, sponge-like 
matrix of nickel-iron enclosing isolated grains of olivine or 
pyroxene. These are sometimes well-formed crystals, but 
more frequently rounded or broken grains; and the iron itself 
may show a brecciated structure. The “ pallasites” of Kras- 
nojarsk and Imilac, specimens of which are to be seen in most 
meteorite collections, are beautiful examples of this type. 

The structure of the aerolites or meteoric stones naturally 
interests us more than that of the irons. In these stones which 
hold little nickel-iron, and which in that respect resemble ter¬ 
restrial rocks most closely, the texture is often ophitic and 
quite comparable to that of a gabbro or basalt. The Juvinas 
stone, for example, consists of augite and anorthite in ophitic 
intergrowth, with a little chromite, magnetite and pyrrhotite; 
it exhibits drusy cavities, which are lined with well-formed 
crystals. The Jonzac stone is as coarse-grained as many 
gabbros, some of the anorthite crystals exceeding a centimetre 
in diameter. Such stones are generally given the name 
‘‘eucrite,” which was originally applied to an anorthite- 
gabbro. There are also granular stones such as Chassigny 
and Bishopville, which are composed of uniform grains of 
olivine or pyroxene, often held together very loosely. 

It must be admitted that stones which resemble eruptive 
rocks as closely as these do are very rare. Among the brec¬ 
ciated stones, however, there are many, such as Petersburg 
and the “ howardites,** which are made up* of fragments of 
ophitic stones. G. T. Prior says of the brecciated Simondium 
meteorite that it “ resembles in many parts a terrestrial basalt 
perhaps more closely than any other meteorite.” In thin 
sections under the microscope, this meteorite shows particles 
of metallic iron, in grains generally less than a millimetre in 
diameter, large rounded olivine crystals, and smaller irregular 
grains of enstatite, lath-shaped feldspars (labradorite to anor¬ 
thite), and grains of magnetite. As for the Stannern stone, 
if it had not actually been observed to fall, it is difficult to 
see how it could be distinguished from a terrestrial basalt-tuff. 
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The great majority of stony meteorites have a character¬ 
istic texture to which no exact analogue can be found among 
eruptive rocks. They are made up largely of little rounded 
bodies (chondrules) of various kinds, embedded in a frag¬ 
mental base. A common type of chondrule is a little spheroid 
composed of one or more well-formed, rounded, or skeleton 
crystals of olivine, intergrown with glass. In another type 
there is a fibrous structure, due to eccentrically arranged 
needles of enstatite, which seem to show, by this arrangement, 
that crystallization started from the outside of the chondrule. 
Other chondrules contain both olivine and enstatite, together 
with glass; others contain nickel-iron; some hold plagioclase; 
and some are just little drops of glass. Chondrules are typic¬ 
ally spheroidal in form, but they are frequently flattened or 
indented, and entire chondrules and broken ones are often 
found together. Occasionally a large chondrule is seen to 
enclose a smaller one. Chondrules have been supposed to 
have originated through the rapid cooling of liquid silicates, 
thrown up by explosive action into a hot (solar? stellar?) 
atmosphere. This view implies a mode of formation compar¬ 
able with that of a tuff. 

Entire meteoric stones are surrounded by a thin crust of 
glass, generally of a very dark colour owing to the presence 
of minute grains of magnetite. The crust is believed to be 
formed during the passage of the stone through the atmo¬ 
sphere. Thin branching veins of a similar dark glass often 
traverse the interior of a stone; they resemble the veins of 
“ pseudotachylyte ” which are developed in certain ancient 
rocks in South Africa, India and Scotland. Pseudotachylyte is 
a compacted and partly vitrified silicate dust, generated within 
fissures in granite, gneiss and other hard rocks which have 
been subjected to violent mechanical shock. The resemblance 
between pseudotachylyte veins and the dark veins in meteoric 
stones may be held to support the view that meteorites have 
been produced by the sudden disintegration of some larger 
celestial body. Pebbles and rough lumps of a highly siliceous 
glass have been found in several parts of the world where there 
are no volcanoes and certainly no glass-factories; for instance, 
in the Arabian and Libyan deserts and on the Nullarbor plains 
of southern Australia, as well as in Tasmania, India, Indo- 
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China andi Java. Many of them are black or dark green, just 
like obsidian, and they take the form of little rounded pebbles 
or buttons; they contain 70 to 80 per cent of silica. But the 
latest discoveries in the Arabian and Libyan deserts and in 
central Australia present a nearly colourless glass with 90 to 
97J per cent of silica, and L. J. Spencer (2) suggests that this 
material may have been formed “ by the fusion of desert sand 
in the heat developed by the fall of gigantic meteorites.** No 
such explanation is applicable to the widely distributed “ aus- 
tralites** of southern Australia, which have been picked up 
over an area of some 2,000,000 square miles, especially on the 
Nullarbor limestone plains (C. Fenner). To account for these 
a shower of glass meteorites has been suggested. But 
until a glass meteorite is observed to fall—which has not yet 
happened, although the number of observed falls of meteorites 
is nearly six hundred—it is advisable to keep an open mind 
about the origin of these curious glasses. 

Geographical names such as moldavite, billitonite, aus- 
tralite, by which these glasses have been known in the past, are 
now being replaced by the simple descriptive name tektite. In 
a recent study of the tektite problem, by V. E. Barnes, it is 
shown that many tektites contain minute particles of fused 
quartz (lechatelierite), just as fulgurites do. This observation, 
along with the very high silica content, distinguishes tektites 
from all known volcanic glasses. Barnes concludes that some, 
if not all, tektites have been formed by the melting of sandy 
sediments by lightning. 

Classification and Description of Meteorites 

Until quite recently, meteorites were classified primarily 
on the basis of texture, wdth little regard to composition except 
as concerns the proportion of nickel-iron. A quantitative 
chemical classification of meteorites, on the lines of the norm 
classification of eruptive rocks, has been introduced by O. C. 
Farrington. The classification of G. T. Prior is a genetic 
one, based on the hypothesis that meteorites have separated 
from a single magma which has passed through successive 
stages of progressive oxidation. Since the metallic nickel can¬ 
not become oxidized until all the iron is in the state of oxide, 
as has already been shown, it follows that the ratio of Fe:Ni 
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in the metallic portion is related to the stage of oxidation of 
the magma. 

Prior recognizes the usual four classes, irons, stony irons, 
chondritic stones and achondritic stones, and within each class 
he sets up four groups with the following distinctive charac¬ 
ters:— 

Group 1.—Nickel-iron; ratio Fe : Ni greater than 13. 

Magnesian silicate; enstatite nearly free from 
iron. 

Feldspar; oligoclase. 

Group 2.—Nickel-iron; ratio Fe: Ni less than 13, greater 
than 8. 

Magnesian silicates; bronzite and olivine con¬ 
taining more than four times as much 
MgO as FeO. 

Feldspar; oligoclase. 

Group 3.—Nickel-iron; ratio Fe: Ni less than 8, greater 
than 2. 

Magnesian silicates; hypersthene, clino- 
pyroxene and olivine containing less than 
four times but more than twice as much 
MgO as FeO. 

Feldspar; oligoclase. 

Group 4.—Magnesian silicates; clino-pyroxene and oli¬ 
vine. containing less than twice as much 
MgO as FeO. 

Feldspar; anorthite. 

In order to illustrate the variations in the composition of 
meteorites, for the purpose of comparing them with terrestrial 
rocks, we shall give the mineralogical composition (mode) of a 
number of examples, arranging them simply in the order of 
increasing content of nickel-iron. In view of the scarcity of 
quantitative descriptions of eruptive rocks, it is interesting to 
find that in most accounts of meteorites the mineralogical com¬ 
position is stated quantitatively and very accurately. 

Meteorites containing less than 10 per cent of 
Non-Silicates 

It is among the stones containing less than 10 per cent of 
non-silicates that the closest resemblance to eruptive rocks is 
observed. The Juvinas stone, to which we have already re- 
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ferred, has, according to C. Rammelsberg, the following 
composition, which is just that of an anorthite-gabbro:— 

pyroxene . 62*6 chromite . 1*3 

anorthite . 34*5 magnetite . 1*2 

apatite . 0*6 pyrrhotite . 0*2 

The Petersburg stone is a brecciated eucrite, very similar to 
Juvinas in composition; Rammelsberg gives pyroxene 68*6, 
anorthite 30, pyrrhotite 0*6, in this case. In the Sherghotty 
eucrite, G. Tschermak found pyroxene 73*4, plagioclase 
(maskelynite) 22*6, magnetite 4*6. The Shalka stone is prac¬ 
tically a pyroxenite, consisting almost entirely of a variety of 
hypersthene rich in ferrous oxide. 

None of the above stones contains any olivine. In the 
Hendersonville chondritic stone olivine is an important con¬ 
stituent. The following mode is given by G. P. Merrill: — 

pyroxenes . 51*62 nickel-iron . 2*59 

olivine . 40*48 troilite . 4*43 

chromite . *80 schreibersite . *08 

The Goalpara stone (achondrite), as described by G. 
Tschermak, contains 62 per cent of olivine, 30 of pyroxene 
(clino-bronzite according to Prior), and 8J per cent of nickel- 
iron. A still higher content of olivine appears in the Ornans 
stone, which F. Pisani has analyzed with the following 
result:— 

olivine . 76*10 nickel-iron . 1*85 

pyroxene . 16*26 chromite . 0*40 

troilite . 6*81 

Finally, in Chassigny, we have an example of a stone that is 
almost entirely composed of olivine (rich in ferrous oxide) with 
just a little chromite and pyroxene. 


Meteorites Containing from 10 to 30 per eent of 
Non-Silicates 


We find an olivine-free example in the Khairpur stone, 
which belongs to Prior’s group of enstatite chondrites. The 


mode given by Prior is :— 


enstatite . 60*31 

oligoclase . 8*25 

ni^el-iron . 18*29 

troilite . 7*03 


chromite . *39 

daubr4elite . *29 

oldhamite . *34 

graphite . *41 

rust, etc. 4*39 
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Stones that contain olivine are much commoner than the above 
type. Prior has shown that most chondritic stones approxi¬ 
mate to one chemical and mineralogical type, of which the 
average composition is as follows:— 


olivine . 

. 44 

nickel-iron . 

. 9 

bronzite . 

. 30 

troilite . 

. 6 

feldspar . 

. 10 

chromite, etc. 

. 1 


How closely some of these stones, found in widely separated 
regions, resemble one another, and how nearly they approach 
the above average, may be shown by quoting Prior’s own 
analyses of the Launton stone, which fell in England in 1830, 
the Amana or Homestead stone (Iowa, 1875), and the Baroti 


stone (India, 1910). 

Launton 

Amana 

Baroti 

feldspar . 

.. 10*82 

9-76 

10*25 

olivine . 

.. 41*91 

40*15 

42*12 

bronzite . 

.. 29*60 

30-76 

30*38 

nickel-iron . 

.. 8*48 

10*99 

8*91 

troilite . 

5*98 

6*26 

6*79 

apatite . 

•36 

*22 

•66 

chromite . 

*46 

*44 

*27 

magnetite, ilmenite ... 

•33 

— 

*94 


Meteorites Containing from 30 to 60 per cent of 
Non-Silicates 

Among these meteorites Daniel’s Kuil is olivine-free and 
Saint-Sauveur holds very little olivine. The first of these 
modes is by G. T. Prior, the second by A. Lacroix. 


Danitl’s Kuil St. Sauviur 

feldspar . 8-47 13*38 

enstatite . 55*76 41*25 

olivine . — 1-40 

nickel-iron . 26*45 27*49 

troilite . 7*96 14*26 

oldhamite . *86 1*16 

daubr4elite . *40 *22 

chromite . *34 — 

apatite . — *34 

graphite . *32 *10 


In Hainholtz and Vaca Muerta, which hold almost equal parts 
of silicates and non-silicates and fall in the group of meso-- 
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siderites, olivine is again very scantily represented. Both 
modes are by G. T. Prior. 


anorthite .... 


Hainholtz 

. 14-5 

Vac a Muifta 

17 

pyroxene 


. 27 

32 

olivine . 


. 1-5 

1-5 

nickel-iron 


. 46-5 

41-5 

troilite . 


. 4 

2 

schreibersite. 

etc. 

. 2 

3 

chromite 


. -5 

1 

rust . 


. 4 

2 

The Mount Vernon meteorite 

is a pallasite unusually rich 

olivine. W. Tassin 

gives its composition 

as follows : — 

olivine . 

.... 6315 

chromite 

. 100 

nickel-iron . 

.... 33-12 

troilite .. . 

. -69 

schreibersite . 

.... 1-95 

carbon .... 

. -09 


Meteorites Containing More Than 60 per cent of 
Non-Silicates 

A siderolite described by A. Lacroix from the Adrar 
desert falls within this range of composition, but is nearly free 
from olivine. The mode is ;— 


feldspar . 

. 1-7 

nickel-iron . 

. 71-2 

hypersthene . 

. 17-3 

troilite . 

. 8-3 

olivine . 

. 0-9 

schreibersite . 

. 0-5 


The Tucson iron still contains a little olivine and is therefore 
intermediate between the pure irons and the pallasites. J. L. 
Smith has given the following mode: — 

nickel-iron . 93-81 schreibersite . 0-94 

olivine . 5-06 chromite . 0-41 

We conclude with a few examples of siderites containing no 
silicates at all. The Wichita octahedrite, according to E. 
Cohen’s analysis, contains 85 per cent of kamacite, 26 of 
taenite, 6*3 of schreibersite, and 6 per cent of cohenite. For 
the Zacatecas iron, which is also an octahedrite, Cohen gives 
the following data: — 


nickel-iron . 

. 9604 

nickel phosphide . 

1-08 


3-06 

carbon . 

0-03 


. 0-26 

chromite . 

0-07 


002 

residue . 

0-44 

23 
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The Mart iron, with a still greater proportion of metal, also 
belongs to the octahedrites. Its composition has been deter¬ 
mined by G. P. Merrill and H. N. Stokes to be :— 


nickel-iron . 

98*31 

troilite . 

... 005 

schreibersite . 

106 

chromite . 

... trace 

For the Coahuila iron, 

a hexahedrite, E. Cohen 

gives the 

following mode:— 



nickel-iron . 

98-3 

carbon . 

.. Oil 

schreibersite (rhabdite) 
daubr^elite . 

1*6 

chromite, etc. 

•003 

•027 




The Pre-Geologic History of the Earth 

When so much remains unknown about the recent history 
of the earth it would be foolish to speak with assurance of its 
pre-geologic history. Yet there is one aspect of the matter 
upon which all natural philosophers are agreed: the earth and 
the associated planets are so completely dependent upon the 
sun that we cannot conceive of them except as its offspring. 
We believe that the history of the earth began with its separa¬ 
tion from the sun. It is not necessary to know how the 
separation took place; nevertheless the Tidal Theory of 
Chamberlin and Moulton, with the modifications introduced 
by Jeans and Jeffreys, is considered to afford an adequate 
explanation. 

This theory supposes the sun to have been deprived of a 
small part of its gaseous envelope by the attraction of a close¬ 
passing star. The extruded filament of gas, too tardy to catch the 
fast-receding star and too elongated to be wholly drawn back 
into the sun, began to condense in consequence of loss of heat 
by radiation and adiabatic expansion. J. H. Jeans has deduced 
by mathematical reasoning that condensed portions of the 
gaseous mass would separate in succession from the main body, 
thereafter to carry on an independent existence as planets. H. 
Jeffreys has computed the minimum radius of a planet formed in 
this way and finds it to be 1400 kilometres. This result is im¬ 
portant, for it means that .asteroids whose dimensions fall below 
this limit, and all such minute bodies as meteorites, can not 
have been formed by direct condensation from the gaseous 
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State. It follows that meteorites must either be fragments of 
larger solid bodies such as former planets or else they must 
have been formed by the aggregation of small solid particles. 
This agrees with the observation that the texture of the stony 
meteorites re*sembles that of a volcanic tuff. 

Jeffreys shows further that the cooling-history of the new¬ 
born planet must depend upon its size. A large body of gas 
composed of sufficiently dense elements will be held together 
by gravitation and will cool down by radiation from the out¬ 
side. Drops of liquid will be formed which will fall like rain¬ 
drops towards the centre of gravity of the mass, where they 
will build up a liquid nucleus having its heaviest components 
at the centre. Smaller bodies of gas will behave differently, 
for gravity may be insufficient to prevent their expansion. The 
form produced by continued expansion, with rapid loss of 
heat, will be a hollow sphere composed of liquid drops, enclos¬ 
ing some uncondensed gas. At this stage two courses of 
development become possible; either expansion will continue 
until the drops are dissipated in space, or else expansion will 
cease and gravity will take charge and draw the drops together. 

Jeffreys claims that by any mode of aggregation a planet 
must pass through a liquid stage, for the drops falling towards 
the centre of gravity will pass through a body of gas that is 
hotter than themselves, so the temperature of the drops must 
be raised by conduction as well as by friction and mutual im¬ 
pact. Once a liquid nucleus was formed there would be direct 
condensation of gas upon it. For these reasons it seems to be 
a valid contention that “any matter aggregated into the 
nucleus would be liquid.** 

The temperature of the sun*s envelope is certainly less than 
that of its centre, which is calculated to be about 20,000,000* C., 
but it is far above the boiling point of any of the chemical 
elements. Iron, nickel, and cobalt all boil below 3000* C. 
Only carbon and a few of the rare metals, such as tantalum, 
platinum, and tungsten have higher boiling points than 
this. The chemical composition of the envelope is known 
from the relative intensity of the spectral lines; it appears that 
the most abundant elements in the envelope are calcium, iron, 
hydrogen, sodium, nickel, magnesium, cobalt, silicon, alumi- 
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num, titanium, manganese, in that order. These are just the 
elements that are commonest in the earth-crust, with the excep¬ 
tion of potassium which seems to play a minor part in the sun. 
At the enormous temperature of the sun’s surface these elements 
are uncombined. Oxidation and other chemical reactions took 
place in the condensing body of gas as its temperature fell 
towards 3000®, and this must for a time have neutralized the 
loss of heat by radiation, thus giving time for the orderly 
condensation of the mass. Of the elements named above, 
magnesium has the highest energy of oxidation and it would 
be the first to combine with oxygen. It would be followed by 
calcium and aluminum, then by sodium, potassium, silicon, 
manganese, carbon, hydrogen, iron, cobalt, nickel, in that 
order. The temperatures at which these oxides would con¬ 
dense to the liquid slate are unknown, but the melting-points 
and boiling points of some of the oxides in the pure state, under 
atmospheric pressure, are as follows : — 


MgO 

m.p. 

2800" 

b.p. 

CaO 

2570" 

2850 

MgAl,0, 

2135" 

— 

A 1,03 

2040" 

2250 

SiOa 

1710" 

2230 


Of the common silicates the most infusible are forsterite, 1890®, 
and mullite, 1810®. 

It is an open question whether the nucleus of heavy metals 
which escaped oxidation would be covered by a zone of liquid 
oxides (magnesia, lime and alumina) or by a zone of liquid 
silicates. The only scrap of direct evidence bearing upon this 
question is given by the pallasite group of meteorites; these 
consist of a sponge of metallic iron enclosing grains of mag¬ 
nesium silicate (olivine), not of magnesium oxide. We may 
therefore assume that the liquid zone overlying the iron core 
of the earth consisted even in the beginning of liquid silicates, 
not of liquid oxides. 

The radius of the iron core seems to be satisfactorily in¬ 
dicated by seismological data, for there is abundant evidence 
of the existence of a nucleus which strongly reflects and re¬ 
fracts earthquake waves. The diameter of this nucleus, 
according to J. B. Macelwane, is probably between 63 per 
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cent and 58 per cent of that of the whole earth. Other sur¬ 
faces of reflection and refraction have been suspected at vari¬ 
ous levels in the silicate shell, but the evidence for these is by 
no means so consistent and definite as for the surface just 
above the half-radius, which we interpret as the top of the 
iron core. 

The composition of the silicate shell of the earth has the 
greatest interest for the petrologist, yet he has no means of 
satisfying his curiosity about it except by turning once more 
to the meteorites. If from the composite analysis of all 
meteorites, quoted on page 344 (after O. C. Farrington) we 
subtract all iron, nickel, cobalt and sulphur, the remainder has 
the following composition :— 


SiOj 

58-2 

MgO 

AUO, 

331 

3-81 

CaO 

3-34 

Na,0 

1-20 

K^O 

•26 


9991 

In terms of minerals this corresponds to enstatite 65, diopside 
10, olivine 10, plagioclase 15 parts. A direct study of the 
composition of chondritic meteorites was made by G. T. Prior 
with the following result: enstatite 30, olivine 44, feldspar 10, 
ores 15 parts; if the ores are deducted this becomes enstatite 
35, olivine 52, plagioclase 12. Of these two computations 
Farrington’s is perhaps the more useful, since Prior has 
omitted the gabbro-like ophitic stones. But whether we con¬ 
sider Farrington’s data or Prior’s the composition indicated is 
that of a slightly feldspathic peridotite or picrite in which mag^ 
nesium greatly exceeds calcium and all other metals. 

One may question the propriety of basing conclusions 
about the composition of the earth upon the evidence of the 
stony meteorites, of which we know only a few tons in all; yet 
the conclusion just reached is not out of harmony with the 
data of petrology which make it probable that the magmas of 
deepest origin are rich in magnesia. Furthermore one cannot 
fail to be impressed by the resemblance between the structure 
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of chondritic meteorites and the picture which we have formed 
of droplets of rapidly congealed liquid which escaped the con¬ 
trol of gravity during the expansion of the gas-cloud, and were 
ai^terwards aggregated in the solid condition. Let us suppose, 
then, that the iron core of the growing earth was surrounded 
by a liquid shell composed largely of magnesia and silica and 
having approximately the composition of enstatite-peridotite. 
The freezing of the system MgO-SiOa is completely known 
from the work of Bowen and Andersen, and the slightly feld- 
spathic peridotite described above comes near enough to this 
system to follow a similar course of crystallization. The earliest 
crystals formed would be of olivine (nearly pure forsterite), and 
the temperature of commencing crystallization somewhat below 
1600®. Bowen has shown that in a liquid of the composition 
diopside 56, enstatite 44, the early crystals of olivine sink; it 
need not be doubted, then, that olivine crystals would sink in 
such a liquid as we are discussing. Having sunk a certain dis¬ 
tance they would be remelted; thus in the course of time the 
surface portion of the earth’s silicate shell would be largely 
deprived of magnesia and would therefore be relatively enriched 
with lime, alumina and alkalis. But the sinking of olivine 
crystals out of a magma which contains enough silica to have 
formed enstatite leaves that magma relatively enriched with 
silica; for instance, the 65 per cent of enstatite indicated by 
Farrington’s data correspond to 45 per cent of olivine and 20 
per cent of silica. Thus, as long as olivine continues to crystal¬ 
lize, the silicate shell must become ever more and more siliceous 
and feldspathic in composition towards the top, and more and 
more magnesian downwards, with no sharp discontinuity any¬ 
where. In the case of the hypothetical magma that we are 
discussing, the sinking of 10 per cent of olivine would leave 
the magma exactly saturated with silica (using Farrington’s 
data). If 20 per cent of olivine settled out, the magma would 
be left with 5*6 per cent of excess silica; if 30 per cent settled 
out, the magma would contain 13 per cent of excess silica. 
Even when the temperature of the liquid sank so far that 
enstatite began to crystallize instead of olivine, it is likely that 
crystal settling would still go on and that the upward concen¬ 
tration of feldspathic molecules and silica would be continued. 
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The crystallization of a calcic plagioclase at a still later stage 
would leave the surface liquid relatively enriched with soda 
and still more so with potash. 

It seems to follow from these considerations that the 
granitic shell of the earth might have been formed in conse¬ 
quence of crystallization and crystal-settling in the supposed 
enstatite-peridotite or meteoritic earth-magma. On paper, a 
shell of this magma less than 100 miles thick could furnish the 
materials for a “ granitic*’ shell 20 miles thick, within which 
there would be a gradual passage from true granite at the sur¬ 
face to tonalitic and gabbroic rocks below. The top of the 
underlying liquid zone would probably be more feldspathic 
than the original peridotite magma on account of some sinking 
and remelting of calcic plagioclase; thus a zone of olivine- 
basalt might intervene between the solid crust and the under¬ 
lying enstatite-peridotite magma. There would be no solid 
peridotite (except perhaps locally and temporarily) because the 
sinking crystals of olivine and enstatite would of necessity be 
remelted as soon as they reached a certain limiting depth, 
determined by the temperature gradient. 

An alternative line of speculation is opened by J. W. 
Greig’s discovery of liquid immiscibility in melts of silica with 
magnesia, lime, and iron oxide, at temperatures near 1700®. 
No immiscibility was detected in alkalic or aluminous melts at 
that temperature, but it is not known how these melts would 
behave at still higher temperatures. If the newly condensed 
shell of liquid silicates about the growing earth was capable of 
developing two immiscible liquid phases, one richer in alkalis 
and the other richer in lime and magnesia, then the problem of 
the earth’s granitic shell would be solved. 
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A.— The Mineralogy of the Oversaturated Rocks 
The proportion of quartz in an oversaturated rock ranges from 
almost nothing to a maximum which approaches fifty per cent; 
and of what we may call average granite, quartz forms between 
twenty-five and thirty-five per cent. 

The crystals of quartz in plutonic rocks are sometimes 
enclosed in the outer zones of the feldspar crystals, but the 
bulk of the quartz occupies the interstices between the feldspars 
and the other constituents, and it is certain that in all deep- 
seated rocks quartz is one of the last minerals to crystallize. 
It has been shown by Day, Sosman, and Hostetter that quartz 
undergoes a remarkably rapid contraction below 575° C.; from 
this point down to 500° C. the contraction amounts to 2*4 per 
cent of the volume of the quartz. This must be an important 
cause of the production of shrinkage cracks in granites, and it 
may explain why residual veins are especially characteristic of 
oversaturated rocks. 

Tridymite, which is the stable form of silica between 870° 
and 1470° C., has not been recognized in deep-seated rocks, 
but it is found in some lavas and also in foreign rock frag¬ 
ments which have been enveloped in lava and baked by its 
heat. Minute hexagonal plates of tridymite are sometimes 
seen in cavities in porous lava, and it is likely that this mineral, 
as well as the still rarer cristobalite, has been formed by some 
special reaction in which hot gases took part, and that it is not 
a direct product of magma at all. But all observers are not 
agreed upon this matter, and a summary of divergent opinions 
has already been presented (see page 27). 

Although the characteristic mineral of the oversaturated 
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rocks is quartz, the most abundant mineral is certainly feld¬ 
spar. This is usually a moderately potassic kind, either ortho- 
clase (microcline), anorthoclase, or microperthite, but a plagio- 
clase feldspar, ranging in composition from albite to labra- 
dorite, is sometimes present to the almost complete exclusion 
of orthoclase. Whether potash-feldspar or soda-feldspar pre¬ 
dominates in granite as a whole, it is hard to say. The answer 
clearly depends on the definition of granite. The average 
composition of 236 analyses of granite, computed by R. A. 
Daly, indicates a slight excess of albite over orthoclase; but an 
average for the granitic rocks of Japan, computed by Suzuki 
and Nemoto, shows albite in considerable excess over ortho¬ 
clase. On the other hand a collection of 137 analyses of the 
granites of Sweden, made by P. J. Holmquist, shows that 
varieties with dominant orthoclase and those with dominant 
albite are almost equal in number. 

It is certain that potash feldspar, whether free or held in 
solid solution in the outer zones of the plagioclase crystals, is 
never wholly absent. There is a distinct relation between the 
amount of quartz and the amount of potash feldspar present in 
a rock. As the plagioclase becomes more and more calcic, 
quartz dwindles, and when anorthite exceeds albite in the 
plagioclase there is seldom more than a trace of quartz left. 
Thus in the labradorite- and bytownite-bearing rocks (gabbro, 
anorthosite, etc.) oversaturation is not a common condition. 

The sympathetic variation of quartz and orthoclase, and 
their antipathetic relation towards anorthite, are illustrated by 
the following series of analyses of closely related rocks from 
Idaho (W. Lindgren). 



(1) 

(2) 

(3) 

(4) 

Quartz ... . 

. 29-20 

28-04 

25-00 

8-45 

Or . 

. 18-07 

15-84 

11-21 

7-57 

Ab . 

. 27-19 

33-54 

30-25 

26-20 

An . 

. 9-53 

11-15 

13*88 

20-45 


Duparc and Borloz go so far as to maintain that the asso¬ 
ciation of calcic plagioclase (labradorite to anorthite, without 
mantles of more sodic feldspar) with much quartz demonstrates 
that the rock containing these minerals is not a simple mag¬ 
matic product. They have described various rocks from 
Bolivar, Venezuela, which hold quartz, basic labradorite. 
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diopside and hornblende, and which might pass for tonalites, 
although they have actually been formed by reaction between 
granite and limestone. 

The great variation that may be found in the composition 
of the feldspar iti different parts of one continuous body of 
“ granite ” is shown by the following table, compiled by 


W. J. Sollas, relating 
Mountains, Ireland. 

to 

the 

soda-granite of 

the 

Wicklow 

Croghan Kinshela 

1 

part orthoclase to 25 parts albite 

Rockabill . 

1 


,, to 1-2 

)} 

») 

Blackstairs . 

1 

yy 

yy to 1*1 

)) 

y y 

Poulmounty . 

1 

y y 

,, to 1-2 

y y 

oligoclase 

Three Rock Mountain 

1 

) y 

,, to 1-2 

yy 

y y 

Carnsore . 

1 

y y 

yy to 1*4 

y y 

yy 

Ballinaclash . 

1 

y y 

,, to 3-9 

yy 

y y 

Aughrim . 

1 

yy 

,, to 5-3 

yy 

y y 

andesine 

Ballyknockan . 

1 

yy 

„ to 1*2 

yy 

Ballinamuddagh . 

1 

yy 

,, to 1*6 

yy 

yy 

Coolboy . 

1 

yy 

,, to 3-9 

y y 

yy 

Cushbawn . 

1 

yy 

,, to 51 

yy 

yy 


A table illustrating the variation within the Vermilion 
granite, Minnesota, was given on page 250. 

Since feldspar makes up the greater part of all over- 
saturated rocks, the arrangement of the feldspar crystals 
mainly determines the texture of the rock. We have to 
recognize three principal varieties of texture, as follows: — 

(1) The crystals are large, but often unequal in size, and 
are closely packed together without definite arrangement. 
Owing to mutual interference, only a minority of them have 
developed their ideal shape. This is ordinary “granitic tex¬ 
ture,” and is characteristic of the majority of plutonic rocks of 
all kinds. 

(2) The feldspars are more tabular in shape, owing to the 
large development of the pinacoids, and they and the mica 
scales or hornblende needles are arranged in roughly parallel 
position. This is “ parallel texture.” 

(3) Large crystals (insets) of orthoclase or microcline are 
embedded in a groundmass of smaller feldspars, quartz and 
mica. This is “ porphyritic texture.” The feldspar of the 
groundmass is sometimes different from that of the insets; 
thus in the well-known porphyritic granite of Shap Fell, West- 
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morland, the insets are pink orthoclase and the feldspar of the 
groundmass is white oligoclase. 

The heavy constituents of oversaturated rocks include 
white and black micas, various kinds of hornblende and 
pyroxene, tourmaline, garnet and topaz. Sphene, zircon, 
apatite, fluorspar and magnetite are usually present in small 
quantity, and so, at times, are pyrite and other sulphides. 
Fayalite (iron olivine) makes an occasional appearance in over¬ 
saturated rocks, and eudialyte, astrophyllite, allanite, and other 
minerals which contain the oxides of the rare metals are often 
detected in small quantity. Andalusite, cordierite and silli- 
manite are not normal minerals of eruptive rocks; when they 
appear in granite there is reason to suspect that assimilation of 
aluminous sediments has taken place. Nevertheless, E. S. 
Hills claims that both andalusite and sillimanite are sometimes 
primary minerals of granite. J. J. Runner has recorded 
andalusite and sillimanite in pegmatites of the Black Hills, 
S. Dakota. 

The mica of oversaturated rocks includes ordinary mus¬ 
covite, the lithia-micas (lepidolite and zinnwaldite), and several 
varieties of biotite. Muscovite is seldom found in large quantity 
except in rocks with an abundance of free quartz, that is, in 
granites of a very acid type, and it is developed in large crystals 
in pegmatite veins. Lithia-mica is almost confined to the 
aplitic and pegmatitic facies of the more acid granites, and to 
contact zones. Biotite is seldom entirely absent from quartz- 
bearing rocks; it is a deep brown variety, owing its colour to 
ferric oxide, but it becomes greenish with advancing alteration. 
The presence of minute enclosures of apatite, zircon, xenotime, 
allanite, and other scarce minerals is a peculiarity of the biotite 
in most granites. Round the enclosed grains, some of which 
are radioactive, the mica is generally more deeply coloured 
than elsewhere; these *‘pleocKroic haloes” have afforded a 
means of measuring the age of the host mineral. 

The quantity of mica in an eruptive rock seldom exceeds 
fifteen per cent; in average granite it may be said to range 
from al^ut three to ten per cent. Muscovite is generally sub¬ 
ordinate to biotite, and it is only in some very acid granites 
and pegmatites that the relation is reversed. In lavas, mica 
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IS even scarcer than in the plutonic rocks; many rhyolites and 
dacites carry no more than a trace of biotite. 

Green hornblende very often accompanies biotite in the 
plagioclase-bearing granites, especially the more calcic ones, 
and it may be associated with pale green diopside. Ortho¬ 
pyroxene (enstatite or hypersthene) is occasionally present even 
in potassic granites and rhyolites, but only in small quantity. 
In the charnockite series of Uganda, A. W. Groves claims 
that hypersthene has been formed from amphibole and clino- 
pyroxene by plutonic metamorphism. At the calcic end of the 
oversaturated rock series we find rocks consisting of plagio- 
clase and augite or hypersthene, with only a trace of quartz 
and orthoclase left. 

The soda-pyroxene, aegirine or acmite, makes its appear¬ 
ance only in the most alkaline varieties of granite, from which 
lime-feldspar is almost or quite absent. iEgirine often ex¬ 
hibits a partial transformation into one of the blue soda-horn- 
blendes ; thus a crystal may have a core of aegirine and a mantle 
of riebeckite or arfvedsonite. These soda-rich minerals as a 
rule build spongy crystals which surround and incorporate 
quartz and feldspar grains j they have clearly been introduced 
when the rock was essentially solid. In certain cases in Finland 
and Scandinavia an ordinary granite has been impregnated 
with aegirine by emanations from a younger soda-rich intrusion. 

Tourmaline is only occasionally an important constituent 
of granitic rocks; like muscovite, it is practically confined to 
the more quartzose varieties, and it is rare in lavas. It 
crystallizes at a late stage, and much of it is formed at the 
expense of earlier feldspar and biotite. The usual variety is 
the black iron-tourmaline, which appears brown or blue in thin 
section; but pink, green, or colourless alkali-tourmaline of 
hydrothermal origin is found in some pegmatite veins, often 
in association with lithia-mica. Tourmaline is almost never 
associated with hornblende or pyroxene. 

Garnet is not an abundant mineral in granitic rocks, 
although individual occurrences are fairly numerous. A con¬ 
tent of 2 to 4 per cent of garnet is recorded by T. T. Quirke in 
granites of French River, Ontario. Garnet is sometimes pro¬ 
minent in aplite and pegmatite veins, and occasionally in acid 
lavas. The variety is almandine or spessartite. 
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Fayalite is a very rare constituent of these rocks. It has 
been found in a few cases only in drusy cavities in granite, in 
pegmatite veins, and in cavities in lava. In central Wisconsin, 
however, fayalite appears in quantity ranging from 1 to 5 per 
cent, as a normal constituent of certain hornblende granites 
and syenites (S. Weidmann). L. Hawkes has found fayalite 
in small quantity among the insets in an Icelandic lava, and 
V. Sobolev has described a “ quartz-fayalite diabase ” from the 
Tunguska River, Siberia, which contains 8 per cent of fayalite 
along with 26 per cent of micropegmatite. 

Topaz, too, is largely confined to cavities and to pegmatite 
veins, where it is accompanied by muscovite, tourmaline, and 
sometimes cassiterite. In some rocks topaz replaces the feld¬ 
spar, and there have been produced in this way rocks that 
consist almost wholly of quartz and topaz. 

Epidote or clino-zoisite is generally thought to be a 
secondary constituent, but C. R. Keyes has described well- 
formed crystals of this mineral in the granites of Maryland, 
and considers them to be primary constituents of the rocks. 
Clino-zoisite, and also allanite (cerium-epidote), are very 
common in the granites of New England. A. Laitakari has 
described epidote-granites in Finland. 

B.— ^The Classification and Nomenclature of the 
Oversaturated Rocks 

The long-established custom of naming granitic rocks 
according to the particular species or mixture of feldspars they 
contain, to the neglect of characters possessing greater genetic 
significance, has given us a score of loosely defined rock names 
for most of which it is hard to find any justification. To 
granite and quartz-diorite there have been added tonalite, 
aidamellite, granodiorite, quartz-monzonite, banatite, farsun- 
dite, trondhjemite, yosemitite, opdalite, besides others that 
have a special textural connotation. For the dyscrystalline 
rocks we have rhyolite, dacite, rhyodacite, Hparite, pantellerite, 
comendite, all defined in terms of feldspar, besides a number 
of purely descriptive names. Since there is no clearly estab- 
lished physico-chemical boundary anywhere in the orthoclase- 
albite series of feldspars, and certainly none in the albite- 
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anorthite series, it follows that the supposed “species” of 
granite and rhyolite are lacking not only in definition but also 
in physico-chemical significance. This shows that the feld¬ 
spars do not furnish an ideal basis for the classification of 
rocks, but it is too late to do anything about that. In the 
absence of natural boundaries we must do the best we can with 
artificial ones; and what we chiefly require of an artificial 
boundary is that its position shall be clearly established. If 
we proceed on the lines laid down in Chapter XIV, we arrive 
at a very simple grouping of the oversaturated rocks which 
does away with the need for most of the names cited above. 
Eucrystali.line Division 

Or>A. - GRANITE j 

An>Or-TONALITE { 

Dyscrystalline Division 

0'>A„ - rhyolite 1 ' 

An>Or — DACITE 1 Soda-dacite 

I An>«Ab — Lime-dacite 

In this arrangement the troublesome rocks which contain 
two kinds of feldspar, and which have given rise to so many 
new names, fall almost entirely into soda-granite. Most of 
these rocks contain a moderately calcic plagioclase (oligoclase 
to andesine) together with a potassic feldspar, but a few have a 
plagioclase that is nearly pure albite. To separate these two 
facies, the procedure adopted in the first edition of this book 
was to divide the soda-granite field by a boundary correspond¬ 
ing to the composition OrjAn (1st edition, Fig. 26). This gives 
two nearly equal fields which were called the albite-granite field 
and the granodiorite field respectively. The latter takes in 
most of the well-described examples of granodiorite, but the 
so-called albite-granite field is too broad to agree with the usual 
idea of an albite-granite. It may be better to confine the name 
albite-granite to rocks in which the plagioclase is literally albite 
(Ab to Ab»An,), that is, to a narrow strip along the Or-Ab 
boundary of the field (Fig. 35), and to apply the name grano¬ 
diorite to all the remainder of the soda-potash field. That is 
the course that will be followed in this volume. 
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Within each subdivision of granite and rhyolite four 
reaction-types are possible, as explained in Chapter XIV. If 
“ specific ** names are to be used in the system, it is at this 
stage that they should be introduced. There would then be 
four species of potash-granite, four of soda-granite, four of 
potash-rhyolite and four of soda-rhyolite, each with its dis¬ 
tinctive name. It is not proposed to take this step, however, 
since it is generally agreed that new names are an abomination 
and the same result can be achieved by means of symbols. 
Thus a peraluminous potash-granite is symbolically XOpa, 
a peralkaline soda-granite is XOkj8, and so on. Among the 
tonalites and dacites there will be only three species in each 
sub-group, since the characteristic minerals of the peralkaline 
type are not compatible with lime-rich feldspar. 

It is hardly necessary, in naming oversaturated rocks, to 
take the colour index into consideration, for mesotype and 
melanocratic rocks are so uncommon among granites that no 
special recognition has ever been given to them. The use of 
a symbol which includes the colour index will generally be 
sufficient to characterize any such rocks. 

There remains the question of the proportion of quartz and 
the boundary between granite and syenite. Although accord¬ 
ing to the accepted definition syenite contains “ neither quartz 
nor feldspathoid,*’ yet in practice the name has constantly been 
applied to rocks such as the Plauen syenite, which holds 6 to 
10 per cent of quartz, and even (in the form quartz-syenite) to 
rocks with 16 to 20 per cent of quartz. To a chemist it seems 
more important to know that a solution is acid than to know the 
precise degree of acidity; so until somebody gives a sufficient 
reason why a rock with 16 per cent of quartz should have a 
different name from one with 26 per cent of quartz, the writer 
will call them both granite. But to avoid a complete break 
with the past he agrees that rocks with no more than ten per 
cent of free silica (as in the Plauen syenite) may be placed in 
syenite rather than in granite. The same boundary will apply 
to tonalite and diorite. The slightly oversaturated rocks will 
therefore be discussed along with the saturated ones in a later 
chapter. They will be distinguished by symbols in which a 
small letter o takes the place of a capital O. 
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C.— Granite and Granodiorite. xoa, xop 
Per aluminous Type, 

This type is characterized by the presence of alumina in 
molecular excess of the sum of potash, soda, and lime. The 
excess goes typically into muscovite, but if enough magnesia 
is available, biotite may partly or wholly take the place of 
white mica, and in exceptional cases a lithia-mica is produced. 
Other peraluminous minerals are tourmaline, topaz, and cer¬ 
tain kinds of garnet (almandine, spessartite). 

The well known granites of Cornwall are muscovite-biotite 
granites with subordinate tourmaline and topaz. An admir¬ 
able quantitative examination of the St. Austell granite mass, 
carried out by W. A. Richardson, shows that the average 
composition of all varieties in that area is as follows :— 


quartz . 32*6 tourmaline . 1*8 

orthoclase . 34'5 topaz . 1*4 

plagioclase . 19*2 fluorspar . 0*4 

muscovite . 4*5 magnetite . 0*3 

biotite ( apatite . 0*3 

lithia-mica (. cordierite . 0*3 

Colour index . (13) 

Within this single granite mass, which has an area of 32 
square miles, the chief constituents show the following fluctua¬ 
tions:— 


quartz, from . 20 to 48 

orthoclase, from ... 17 to 52 
plagioclase, from... 9 to 31 
dark micas, from... 0 to 15 


white micas, from 0 to 15 
tourmaline, from .... 0 to 7^ 

topaz, from . 0 to 7 

Colour index .(4 to 22) 


It follows from the figures given for orthoclase and plagio¬ 
clase that some part, even of this most typical of granites, is 
soda-granite. The published analyses of Cornish granites are 
about equally divided between potash and soda varieties, but 
a first-class analysis of the Land’s End granite, by W. Pollard, 
shows 34 per cent of normative orthoclase to 23 per cent of 
normative albite. 

A. Brammall and H. F. Harwood have given a very de¬ 
tailed account of the granites of Dartmoor, England, and their 
contact phenomena. The quartz content of these granites 
ranges between 20 and 40. The principal feldspar is micro- 
perthite, but some sodic feldspar is always present too. In the 
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calculated feldspar orthoclase typically exceeds albite, so the 
rock as a whole is a potash-granite. Biotite is the usual dark 
mineral, forming 6 to 10 per cent of the rock, with subordinate 
muscovite and occasionally a little tourmaline or garnet. In 
short this is a typical example of the peraluminous type of 
granite, and Brammall and Harwood have furnished the most 
complete petrological and chemical description that has ever 
been made of such a rock. 

The composition of the Vermilion batholith. in Minnesota, 
has been studied by F. F. Grout. Nine-tenths of this mass, 
which covers an area of more than 2,000 square miles, is a 
simple biotite-granite with the following average composi¬ 
tion :— 

quartz . 25 oligoclase . 20 

orthoclase . 30 biotite . 2 

microcline . 20 accessories . 3 

Colour index . (5) 

Towards the margin this granite develops plagioclase and 
hornblende and passes over into syenite, diorite and horn- 
blendite. 

A soda-granite that has been very completely investigated 
is the beautiful porphyritic granodiorite of Shap Fell, West¬ 
morland, which has insets of pink orthoclase in a light grey 
groundmass. The composition has been worked out by A. 
Holmes, who finds that the insets make up one-fifth of the 
rock and that the total composition is quartz 24, orthoclase 
36*2, oligoclase 33*6, biotite 5*8. Making allowance for the 
albite that is held in solid solution in the orthoclase,* the actual 
composition of the feldspar is Or 24, Ab 34, An 12. 

Peraluminous varieties preponderate among the granites 
of New England, which range from moderately potassic to 
strongly sodic. M. Billings has made a quantitative study of 
the granites of New Hampshire, from which we take the follow¬ 
ing examples:— 

Kinsman 

OwVs Head granite. Bethlehem gneiss, quartz-monzonite. 


quartz . 30 30 29 

potash-feldspar . 49 19 19 

oligoclase-andesine... 10 31 25 

muscovite . 2 8 8 

biotite . 7 17 19 

accessories . 2 — _ 

Colour index . (11) (20) (27) 
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I'he granites of Vermont seem to be made sodic than those 
of New Hampshire. Data furnished by J. E. Maynard indi¬ 
cate that oligoclase is about four times as abundant as micro- 
cline in Vermont granites, some of which approach tonalite in 
composition. 

J. A. Shimer has given 18 modal analyses of granites from 
Maine, New Hampshire, Massachusetts,' Vermont, and Con¬ 
necticut. The average composition of the feldspar in these 
granites is orthoclase 27*4 per cent, plagioclase (oligoclase- 
andesine) 27*8 per cent. 


Metaluminov^s Type. 

Granites and rhyolites of this type contain one or other of 
the following mineral associations: biotite together with horn¬ 
blende, augite (or primary epidote); hornblende together with 
augite (or epidote); hornblende alone (or epidote alone). 
Fayalite is occasionally present in small quantity, and in a 
soda-granite at Wausau, Wisconsin, it amounts to about 5 per 
cent (S. Weidmann). The metaluminous type is much rarer 
among the potash- than among the soda-granites. An im¬ 
portant example is the red granite of the Transvaal. P. A. 
Wagner gives the following mineralogical analysis of this 
rock : — 


quartz . 33*3 

orthoclase . 30-1 

albite . 25*6 

anorthite . 4-0 


biotite . 0*5 

hornblende . 075 

ore . 0*3 

apatite, etc. 0*4 

Colour index . (2) 


The central granites of the Vosges Mts. is also a metaluminous 
potash-granite; it has been studied by Friedlaender and 
Niggli, who give the following mode :— 

quartz . 24*3 biotite . 17*0 

orthoclase . 31*5 hornblende . 6*2 

albite-oligoclase . 19*1 accessory . 1*9 

Colour index . (25) 


The gray granite of Ontario contains orthoclase, albite, 
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and oligoclase in roughly equal amounts, with biotite, green 
hornblende, and frequently ortho- or clino-pyroxene as well 
(Adams and Barlow). The red granite of the same area carries 
a smaller proportion of dark minerals. An analysis of the red 
granite of Methuen township affords the following approximate 
estimation of the mineralogical composition : quartz 2S,.ortho- 
clase 18, albite 42, anorthite 5, biotite, hornblende and ore 
(together) 7 per cent. 

The most characteristic examples of granodiorite are met- 
aluminous. The rock of the Boulder batholith, at Butte, 
Montana, is typical; it has been described by (1) ^V. H. Weed 
and (2) J. P. Iddings, and the two descriptions clcarJy refer to 
slightly different facies. 



(1) 

(S) 

quartz . 

. 23-7 

22*5 

orthoclase . 

. 19*9 

17-6 

albite . 

. 230 

25-5 

anorthite . 

. 11*5 

17*0 

biotite . 

. 4*2 

9*8 

hornblende . 

. 15-3 

4*4 

diopside . 


3*3 

ore . 

. 1-2 

0*7 

sphene and apatite . 

. 1*3 

0*1 

Colour index . 

. (22) 

(18) 


Subaluminous Type. 

Subaluminous granite is very uncommon, for although 
enstatite or diopside is often present, as in the gray granite of 
Ontario, it is nearly always accompanied by hornblende and 
biotite. 

The pre-Cambrian batholiths of Blue Ridge, Virginia, are 
composed of hypersthene-granite (which has been called syenite 
in spite of the presence of 16 to 30 per cent of quartz). The 
feldspar is orthoclase and andesine. Hypersthene is the prin¬ 
cipal melane, but there is some clino-pyroxene and sometimes 
hornblende too (Watson and Cline). 

Hypersthene-granite is the acid member of the “ char- 
nockite series of Madras. This rock is mainly composed of 
quartz and microcline, with a little plagioclase and only 8 per 
cent of hypersthene (H. S. Washington, 1). F. D. Adams 
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has studied the same series of rocks in Ceylon and gives the 
following modes: — 


quartz . 

orthoclase . 

albite . 

anorthite . 

diopside . 

hypersthene . 

ore, apatite . 

Colour index... 


23-7 

29-5 

300 

200 

20*4 

23-6 

IM 

11*7 

3-7 1 

8*81 

7*5 

1-8 

8-4 

(14) 

(16) 


The subaluminous type is not uncommon among dyke- 
granites. The description, by A. Harker, of the granophyre 
of Carrock Fell, Cumberland, is applicable to many rocks of 
this kind. The approximate composition of the rock is as 
follows:—quartz 21, orthoclase 21, albite 43, anorthite 3*7, 
pyroxene 8*6 per cent. The groundmass of the rock shows 
every stage of gradation “ from a coarse and irregular peg¬ 
matite to spherulitic intergrowths of a delicacy surpassing the 
resolving power of the microscope.” Harker observes that 
granophyres (dyke-granites with graphic texture) generally 
carry pyroxene, and that in Carnarvonshire the typical grano^ 
phyres have augite without biotite; the coarser granophyres 
and porphyries hold both augite and biotite; and the granites 
have biotite alone. 


Peralkaline Type, 

Granites of this type hold soda and potash in molecular 
excess over the available alumina; whenever this happens the 
potash seems to exercise the stronger claim to combine with 
alumina, and it is always soda that is left in excess and com¬ 
pelled to enter soda-iron pyroxene, soda-iron amphibole, or 
uncommon titanosilicates and zirconsilicates such as astro- 
phyllite, eudialyte and aenigmatite. The commonest of these 
soda minerals is aegirine. Riebeckite and arfvedsonite are 
sometimes primary minerals, but in other instances they have 
been formed by the transformation of the original aegirine. In 
certain granites of Finland and Scandinavia, aegirine is said to 
have been introduced by solutions escaping from adjacent 
soda-rich magma. 
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Among the most characteristic rocks of this type are the 
riebeckite-aegirine granites of Quincy, Massachusetts, which 
have been described by C. H. Warren. A typical example of 
the Quincy granite gave quartz 33, sodipotassic feldspar 55, 
and aegirine and riebeckite 10 per cent, with small quantities 
of apatite, zircon and astrophyllite. A darker variety from 
Copper Mine Hill yielded 7 per cent of aegirine and S o per 
cent of riebeckite. The Quincy granite is cut by a younger 
mesotype granite (the Squam River granite) which contains 40 
per cent of soda-hornblende (catophorite) and brown biotite, 
along with 35 per cent of sodipotassic feldspar and 25 per cent 
of quartz (C. H. Clapp). So many beautiful varieties of peral- 
kaline granite occur in Massachusetts that this region, rather 
than the Christiania district, deserves to be the “ type locality ** 
for such rocks. 

The “ ekerite ” of W. C. Brogger is an arfvedsonite- 
aegirine granite, and his “grorudite** is an aegirine-micro- 
granite which forms many dykes in the Christiania district of 
Norway. The composition of a typical example is as 
follows:—quartz 23, soda-potash feldspar 53, aegirine and 
arfvedsonite 22 per cent. Similar rocks have now been recog¬ 
nized in many parts of the world. When instead of aegirine, 
riebeckite is developed, the names “paisanite** and “ daha- 
mite have been used instead of grorudite; but so many names 
are not required for rocks which are all of one chemical type. 

The name “ rockallite ” was given by J. W. Judd to a 
mesotype soda-granite with 43 per cent of aegirine, 26 per cent 
of soda-potash feldspar, and 30 per cent of quartz. This 
curious rock was thought to form the entire islet of Rockall, in 
the North Atlantic, but Lacroix has shown that rockallite only 
constitutes occasional dark patches (segregations) within a 
more leucrocratic aegirine granite of which the islet is entirely 
composed. 

The riebeckite-granites of Nigeria have been described by 
A. D. N. Bain. The main variety has the simple composi¬ 
tion:—quartz 37 8, soda-rich microperthite 57 9, riebeckite 
4*2. Other varieties contain in addition to riebeckite some 
proportion of iron-rich biotite, thought to have been formed at 
the expense of riebeckite; and still others contain fayalite. 
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D.—Rhyolite, DOa, do^ 

Most oversaturated lavas, and many of the dyke rocks, 
are very ill-crystallized. A few insets of quartz and feldspar 
may be present and these are easily identified, but the bulk of 
these rocks is cryptocrystalline to glassy. Purely qualitative 
methods of petrography can do little to resolve such rocks as 
these, and so far as mineralogical names have been given to 
them they have been based on the insets alone, with the 
assumption that the glassy or cryptocrystalline base of the 
rock, which possibly constitutes ninety per cent of the whole, 
has the same composition as the insets. This assumption is 
quite unjustified and may be seriously wrong. 

Many petrographers believe that no systematic classifica¬ 
tion of cryptocrystalline and glassy rocks is possible without 
chemical analysis. Nevertheless, it is quite possible to deter¬ 
mine the “potential mineralogical character “ of a glassy rock 
without analyzing it, if the specific gravity and the refractive 
index of the glass can be ascertained. It has been shown by 
C. E. Tilley and W. O. George that the refractive index of 
the rhyolite glasses lies between T48 and 1*51, and the density 
of the commoner varieties between 2T and 2 4. The peral- 
kaline type, which holds heavy soda-iron silicates, may be 2 5 
or even over. Simple qualitative tests will quickly show 
whether soda or potash predominates in the glass, and with 
this information it will often be possible to classify the rock. 
It is useful to know that the great majority of glassy rocks are 
oversaturated, about three-fifths of them being soda-rhyolites, 
one-fifth potash rhyolites, and one-fifth dacites. 


Peraluminous Type 

Few rhyolites have been adequately described from the 
viewpoint of quantitative mineralogy. Hungary is the classic 
region for such rocks in Europe, and A. Vendl has made a 
study of the rhyolites of that region. They are hypo- 
crystalline to glassy rocks, and they range in composition from 
highly potassic to moderately sodic. Many of them show 
little insets of biotite and the majority are at least potentially 
peraluminous as one may judge from the following norms. 
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Potash-rhyolite. Soda-rhyolite. 


quartz . 22*5 44*4 83-9 

orthoclase . 57*8 18*9 22*2 

albite . 5*2 26 2 24*1 

anorthite . — 5*8 12*0 

corundum . 6*1 2*5 1*8 

hypersthene . 1*1 *6 1*1 

iron ores . 5*4 2*3 2*4 


Both potash- and soda-rhyolites have been described in 
the Creede district of Colorado, by Emmons and Larsen. 
They are porphyritic rocks with insets of orthoclase, soda-rich 
plagioclase, and biotite in a cryptocrystalline groundmass 
composed of quartz and orthoclase. The calculated composi¬ 
tion of the Willow Creek rhyolite is quartz 35, orthoclase 53, 
albite 5, biotite 5 to 7. Some of these lavas contain tridymite 
in place of quartz. 

The composition of a rhyolite from the Marquesas Islands 
has been furnished by T. Barth; this has a special interest on 
account of the rarity of oversaturated rocks in the Pacific basin. 
The rock is largely made up of spherulites of feldspar and 
quartz, with 14 per cent of siliceous glass in which there are 
occasional scales of biotite and tiny grains of a mineral which 
is thought to be corundum. The norm shows quartz 24, 
orthoclase 25, albite 37-5, corundum 5*6, so the rock is a 
peraluminous soda-rhyolite. 

Garnet-bearing rhyolites have been described at Chalk 
Alt., Colorado (W. Cross); at Bay View, Maryland (F. 
Bascom); and at Coburn Mt., Maine (E. S. C. Smith). The 
latter rock holds pink garnets up to 4 mm. in diameter in an 
exceedingly fine-grained groundmass of quartz, orthoclase 
and accessory minerals. An occurrence of garnet within 
vesicles in rhyolite at Ely, Nevada, has been described by 
A. Pabst. 


Metaluminous Type 

Beautiful examples of metaluminous soda-rhyolite (rhyo- 
dacite) are described by H. H. Robinson in the San Francisco 
district of Arizona, All degrees of crystallinity are represented 
among these lavas, but in most cases a cryptocrystalline to 
glassy base maizes up about three-quarters of the rock. The 
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insets are generally of plagioclase, with some of augite or 
hornblende and rarely a few of quartz. It is interesting to 
compare the actual mineral composition of each rock with its 
“ potential ” composition as calculated from chemical analysis; 
the comparison shows how misleading it is to name a hypo- 
crystalline rock by the crystalline phases only. 



^plagioclase ... 

Kendrick 

Peak 

18-3 

San Francisco 
Mtn, 

13-7 

Mormon 

Mtn. 

18-6 

Actual 

biotite . 

hornblende .... 

[ 2*5 

4-9 

81 

development 

pyroxene . 

.. 1-3 

M 

— 


ore . 

0-6 

1-7 

1-9 


Igroundmass ... 

77*3 

78-6 

71*3 


quartz . 

24-6 

200 

220 


orthoclase 

20-6 

18-9 

14-5 


albite . 

37*2 

37-3 

390 

Potential 

anorthilte . 

7*8 

11*4 

100 

composition i 

biotite . 

20 

2-5 

— 

if fully 

hornblende 

10 

2-5 

80 


hypersthene ... 

1*3 

1*7 

0-9 

crystallized ^ 

ore . 

3-7 

3-7 

1*9 


apatite . 

0-3 

03 

0-3 


Colour index 

(8) 

(11) 

(11) 


Among the rhyolites of Hungary there are few that con¬ 
tain actual crystals of hornblende or augite, but some of the 
cryptocrystalline varieties are potentially metaluminous, 
corundum being subordinate to hypersthene in the norm, as in 
the following instance (A. Vendl):— 


quartz . 

. 29-3 

corundum . 

. 0*3 

orthoclase . 

. 29-5 

hypersthene . 

. 3-3 

albite . 

. 28-8 

magnetite . 

. 0*7 

anorthite . 

. 7-5 

ilmenite . 

. 01 


An obsidian from Iceland, which was minutely studied by 
F. E. Wright and analysed by J. B. Ferguson, has the com¬ 
position of a metaluminous rhyodacite. No minerals at all 
have developed in the rock except a little fayalite and tridymite 
in shrinkage cavities, but the norm is as follows:—quartz 40, 
orthoclase 17, albite 27, anorthite 9, corundum 0*6, hypersthene 
4-3 per cent. There is too little corundum to convert all the 
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magnesia into biotite, so if the rock had crystallized completely 
it is likely that an aluminous hornblende would have been 
formed. 


Subaluminous Type 

Subaluminous rhyolites are well represented in the Lipari 
Islands, and have been described by H. S. Washington (2). 
An example from Monte Guardia is a very fine-grained, ash- 
gray rock with small insets of pyroxene. The groundmass is 
microcrystalline, and is composed of minute laths of ortho- 
clase, prisms of pyroxene, grains of magnetite, and interstitial 
quartz. According to Washington’s analysis the proportions 
of these minerals must be nearly as follows:—quartz 30, ortho- 
clase 29, albite 34, anorthite 4, pyroxene 10, accessories 3; 
colour-index 13. Other rhyolites of Lipari are completely 
glassy, but they may be recognized as potentially subalumin¬ 
ous types by the appearance of diopside and hypersthene in 
the norm, corundum being absent. 

The “ toscanites ” of Tuscany, Italy, are mostly sub¬ 
aluminous rhyolites. These lavas have insets of orthoclase and 
labradorite, with augite, hypersthene, and some biotite, set in 
a glassy groundmass. The calculated composition of a rock 
from Monte Amiata is:—quartz 15, orthoclase 36, albite 25, 
anorthite 10, pyroxene 12, magnetite 1 per cent; colour-index 
13 (H. S. Washington, 3). 

The rhyolites of the Yellowstone Park are mostly sub¬ 
aluminous. They have been minutely described by J. P, 
Iddings. The insets are of quartz, orthoclase, plagioclase, 
and pale green augite or occasionally a little ortho-pyroxene. 
The groundmass varies from an almost structureless glass to 
globulitic and spherulitic types, and to cryptocrystalline and 
microcrystalline. It is mainly composed of orthoclase and 
quartz or tridymite. 


Peralhaline Type 

As a general name for the peralkaline rhyolites, “pan- 
tellerite *’ may be used. The name was given by Forstner to 
lavas of Pantelleria, near Sicily, which have aegirine and 
aenigmatite as their characteristic dark minerals. The 
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“ comendite ** of Sardinia is a similar rock in which a soda- 
amphibole takes the place of aegirine. These lavas show all 
the usual varieties of texture, but either aegirine or soda-amphi- 
bole may appear among the insets. The proportions of the 
essential minerals in some of the lavas of Pantelleria are stated 
as follows, by H. S. Washington (4):— 


( 1 ) ( 2 ) ( 3 ) ( 4 ) ( 5 ) 

quartz . 13 15 20 28 30 

soda-microcline . 70 63 63 45 51 

soda-pyroxene . 9 12 14 17 7 

aenigmatite . 6 10 3 10 12 

magnetite . 2 — — — — 

Colour index . (17) (22) (17) (27) (19) 


In nos. 4 and 5, the feldspar holds more orthoclase than 
albite. 

Completely glassy lavas of this type may be recognized 
by the appearance of acmite or sodium metasilicate in the 
norm. For example, an obsidian from Yucatan, which was 
described and analyzed by H. S. Washington (5), gives the 
following norm : — 


quartz . 35 

orthoclase . 27 

albite . 24 

anorthite . 6*5 


sodium metasilicate . 2*7 

diopside . 3*1 

hypersthene . 0-2 

ilmenite . 01 


Had this magma crystallized, it must have given as its chief 
dark mineral a pyroxene intermediate between acmite and 
diopside, or more likely an amphibole of the corresponding 
composition. (Washington has observed that rocks which 
contain soda-amphiboles commonly have sodium metasilicate 
in the norm, while those with soda-pyroxene rarely show sodium 
metasilicate, and then only in small quantity.) 

R. A. Daly describes “quartz-trachytes” of Ascension 
Island which are actually soda-rhyolites, holding 23-25 per 
cent of normative quartz. A dark green obsidian which shows 
only minute needles of soda-diopside and some small insets of 
soda-orthoclase proves to have the following composition :— 
quartz 21, orthoclase 23, albite 44, soda-diopside 12 per cent. 
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E.— ^Tonalite. xoy, xo8 

This division includes all over^aturated rocks in which 
the anorthite molecule exceeds the orthoclase molecule. The 
name tonalite was originally given to a hornblende-biotite rock 
occurring at Tonale, in the Southern Alps, but its significance 
has gradually become broadened, and we shall use it to em¬ 
brace all eucrystalline rocks which satisfy the definition given 
above, regardless of the nature of the dark minerals. The cor¬ 
responding lavas are the dacites, which take their name from 
the province of Dacia in Transylvania, in the loop of the 
Carpathian Mountains. 

As a whole, the tonalites and dacites are appreciably less 
acid than the granites and rhyolites, although some tonalites 
have been described which hold over forty per cent of quartz. 
They are also rather richer in dark minerals; and extremely 
leuoocratic facies, such as frequently occur among granites, are 
unusual in this group. Mesotype and melanocratic facies are 
known, but like the corresponding facies of granite, they are 
probably due to contamination of the magma by reaction with 
sediment. The dividing line between tonalite (with dacite) and 
diorite (with andesine) we shall draw, as before, at 10 per cent 
of quartz, for the reason that the majority of rocks that have 
been described as diorite actually hold a little quartz. 

By the application of the albite: anorthite ratio, we 
separate the soda-tonalites and soda-dacites from the lime- 
tonalites and lime-dacites. The latter type, in which anorthite 
exceeds albite, is scantily represented, the majority of tonalites 
and dacites being rich in soda. Peraluminous, metaluminous 
and subaluminous types all occur among tonalites and dacites, 
but the peralkaline type is unrepresented, because soda- 
pyroxenes and soda-amphiboles are incompatible with much 
anorthite. 


Peraluminous Type 

Tonalite is a characteristic rock of the Alpine chain. The 
rocks of the Adamello Alps range from soda-granite to tonalite; 
so do those of the Rieserferner stock in the eastern Tyrol. The 
Brfinner massif in Austria and the granites’* of the Car¬ 
pathians include typical tonalites. The composition of the 
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tonalite of the Brunner massif, according to F. Sellner, and of 
two Carpathian tonalites described by P. Radziszewsky, are as 
follows:— 

Brunner. Carfathians. Carpathians. 


quartz . 35 24 28 

orthoclase . 2*7 4*6 8*7 

plagioclase . 55 45 48 

biotite . 7.4 24 18 

ore . — 0*2 — 

zircon, apatite, etc. 0*3 2-4 0*4 

Colour index ... (8) (26) (18) 


The peraluminous type of tonalite is also represented 
among the “ granite-diorites ” of Becker and Lindgren in 
Idaho; and F. L. Ransome’s account of the Madera quartz- 
diorite, in the Globe district of Arizona, shows that this, too, 
is a true tonalite. 



Idaho. 


Globe. 

quartz . 

. 25*0 


26*9 

orthoclase . 

. 11*2 


6*4 

albite . 

. 30*2 


23*2 

anorthite . 

. 139 


20*4 

biotite . 

. 16*0 


17*7 

muscovite . 

. — 


10 

ore . 

. 0*6 


2*8 

sphene, apatite, etc 

. 2*1 


1*4 

Colour index _ 

. (19) 


(23) 

Metaluminous Type 



This is the commonest 

type of tonalite, just as it is the 

commonest type of soda-granite. It is well illustrated by the 

Marysville batholith, Montana, described by J 

. Barrel!. Be- 

side the latter we place two analyses of tonalites from the Hay- 

stack stock, in the same state; these are due to W. H. Emmons. 


Marysville. 

Haystack. Haystack. 

quartz . 

. 22*2 

21*8 

121 

orthoclase . 

.... 15*6 

11*7 

9*7 

albite .. 

.... 26-3 

301 

31*2 

anorthite . 

.... 21*2 

15*1 

20*8 

biotite . 

.... 7*2 

4*8 

6*7 

hornblende . 

.... 5-5 

— 

— 

pyroxene . 

.... — 

11*2 

13*5 

ore . 

.... 1*7 

4*9 

4*9 

apatite, etc. 

.... 0*3 

0*4 

11 

Colour index . 

. (15) 

(21) 

(26) 
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R. A. Daly describes great intrusions of tonalite in British 
Columbia. The examples quoted below refer to the Osoyoos 
batholith (1), the Remmel batholith (2), the Chilliwack batho- 
lith (3), and the Trail batholith (4). 



(1) 

(2) 

(8) 

(4) 

quartz . 

.. 37*0 

270 

191 

25-9 

orthoclase . 

7-5 

7-2 

20 

19-2 

plagioclase (Ab^An) .... 

.. 331 

50*7 

55-7 

281 

biotite . 

.. 10-8 

5-7 

10-3 

13-4 

hornblende . 

31 

4-3 

111 

12-3 

epidote . 

80 

— 

— 

— 

sphene . 

0-3 

0-6 

— 

0-2 

ore . 

— 

3-8 

1-3 

06 

apatite, zircon . 

0-2 

0-7 

0-5 

0-3 

Colour index . 

... (22) 

(15) 

(23) 

(27) 


Melanocratic types containing 40 to 50 per cent of horn¬ 
blende occur in the Purcell Mts. (Daly). 

A quantitative study of the average mineral composition 
of the rocks of the Coast Range in South-Eastern Alaska has 


been made by F. E. 

and C. 

W. Wright, with the following 

result: — 

quartz . 

... 19-4 

apatite . 

. 0-6 

orthoclase .. 

6*6 

magnetite 

. 0*9 

andesine (Ab^gAn^^) 

... 47-4 

pyrite . 

. 01 

hornblende . 

... 7-6 

sphene . 

. 1*3 

biotite . 

... 11-6 

decomposition 

products 4*5 


It is clear from these figures that the average rock of the 
Coast Range is considerably more calcic than granite, and the 
bulk of it probably belongs to tonalite. 


Sub aluminous Type 

Few examples of subaluminous tonalite have been traced 
in petrographical literature; no doubt they are rare, just as sub- 
aluminous granites are. On the other hand, subaluminous 
dacites may be expected to occur very frequently, but it is hard 
to detect them in the literature, since they have generally been 
called “ andesite ” and very few andesites have been described 
in quantitative mineralogical terms. 
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The “ hypersthene-quartz-diorite ** of the Shevaroy Hills 
in Madras, one of the intermediate members of T. H. Holland’s 
“charnockite series** is a subaluminous tonalite. The mode 
of this rock has been determined by H. S. Washington (1); it 
is quartz 15*5, feldspar (mainly andesine) 55*5, hypersthene 
23-6, ore 5 4 per cent. (Colour index 29.) 

The rock named “enderbite** by C. E. Tilley (2) from 
Enderby Land, Antarctica, falls in this group with the follow¬ 
ing mode :—quartz 42*5, antiperthite 53, hypersthene 3, mag¬ 
netite 1. 


F.—DaCITE. DOy, -DOS 

No description of a per aluminous dacite has been traced 
in the literature. Many rocks have been described under the 
name of mica-dacite, but they all fall into rhyolite in our 
system. 


Metaluminous Type 

Dacites of the metaluminous type have been described in 
considerable number in eastern Australia. H. I. Jensen and 
H. C. Richards have described such rocks in the Glass House 
Mountains and elsewhere in Queensland. The Glass House 
dacite is microcrystalline, with insets of plagioclase and quartz 
in a groundmass which contains augite, a little hornblende, 
and magnetite. Jensen’s analysis indicates the following com¬ 
position ;—quartz 17, orthoclase 17, albite 30, anorthite 20, 
melanes 15. Examples of hypersthene-biotite dacite have been 
studied by A. B. Edwards in Victoria. Quartz, plagioclase, 
biotite and hypersthene all appear among the insets, and the 
groundmass is chiefly quartz and orthoclase. 

A hornblende-dacite was described by J. S. Diller, at Mt. 
Shasta, California. It is a light gray rock with a few insets of 
hornblende. The groundmass is sometimes holocrystalline, 
but more often it holds some brown glass; it is composed of 
plagioclase with some hornblende and some little grains of 
hypersthene and magnetite. The mode is not stated quantita¬ 
tively, but the norm indicates the following composition:— 
quartz 20, orthoclase 7, albite 37, anorthite 25, melanes 10. 
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Subaluminous Type 

The “andesite** of Hakone volcano, Japan, is siliceous 
enough to be called dacite. The following mode is one of 
those supplied by H. Kuno. 


( plagioclase (Ang^) . 13*5 weight % 

Insets j augite and hypersthene 2*4 

.quartz ... 11*6 

tridymite . 6*3 

anorthoclase . 16*5 

Groundmass > plagioclase (An^g) . 31*2 

pigeonite . 12*3 

I accessory . 3*8 

Colour index (20) 


Dacites accompanied the eruption of Souffri^re, St. 
Vincent, in 1902. According to J. S. Flett, these lavas have 
insets of zoned plagioclase, augite and hypersthene, in a 
groundmass of feldspar, quartz, tridymite, hypersthene and 
glass. Analyses of the lavas and their ashes show from 10 to 
15 per cent of quartz, with anorthite in large excess over ortho- 
clase. 

J. S. Diller has described as “hypersthene andesite** a 
lava on the west slope of Mount Shasta, California, which 
appears to be a lime-dacite. It is a light gray, compact rock, 
with a few insets of hypersthene. The mineralogical composi¬ 
tion is not stated quantitatively, but the norm shows 16 per 
cent of quartz, 8 of orthoclase, 26 of albite, 39 of anorthite, and 
11 of dark minerals. 

Some remarkable rocks of basaltic appearance, from the 
Firth of Clyde, Scotland, have been described by G. W. 
Tyrrell under the name of “cumbraite.** One of these rocks 
exhibited 58 per cent of crystals in a glassy base, this propor¬ 
tion being made up of anorthite 7, labradorite 31, enstatite and 
augite 20 per cent. The composition of the glass that forms 
the remaining 42 per cent of the rock is such that if it had 
crystallized it must have formed quartz (about 35 per cent), 
orthoclase (about 35 per cent), and albite (about 30 per cent). 
Combining these figures with those given first, it appears that 
if the cumbraite had crystallized completely it would have had 
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nearly the following composition:—quartz 14*7, orthoclase 
14*7, albite 28*8, anorthite 21*8, pyroxene 20, with a trace of 
magnetite. The rock consequently falls into soda-dacite. 

Another rock whose appearance belies its composition is 
the “ weiselbergite ** of Oberkirchen, Germany. This is a 
more than half glassy rock with a few insets of plagioclase and 
some microscopic prisms of augite and bronzite. Rosenbusch 
described it as augite-porphyrite; Zirkel considered it a glassy 
type of diabase. The potential composition has been worked 
out by E. Troger, who finds it to be quartz 20, orthoclase 6, 
oligoclase 54, augite and bronzite 16, accessory 4; thus the rock 
is a soda-dacite. 
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CHAPTER XXI 


THE SATURATED (AND SLIGHTLY OVER- 
SATURATED) ROCKS. 
(DESCRIPTION) 

KEY TO THE CONTENTS OF THIS CHAPTER 


A. —Mineralogy of the saturated rocks. f. 389 

B. —Classificatio'h and Nomenclature. f. 390 

C. —Syenite XSaL, XSjSL f. 392 

D. Trachyte. DSaL, DSjSL 396 

E. —Shonkinite and Monzonite XSaM, XS^M, f. 401 

F. —Diorite and Anorthosite. XS 7 L, XS5L, p. 403 

G. —Andesite. DS 7 L, DS5L p. 406 

H. —Gabbro and Soda-gabbro. XSyM, XS5M p, 409 

I. —Basalt and Soda-basalt DSyM, DS5M p. 414 

J. —Perknite. XSH p. 417 


A.— The Mineralogy of the Saturated Rocks 
The minerals of the saturated rocks are the same that occur in 
the oversaturated class, with the exception that quartz and 
tridymite are typically absent. Along with the excess of silica, 
muscovite, lithia-mica, tourmaline and topaz virtually dis¬ 
appear too. Alkali-feldspars are no longer dominant, and pure 
potash-feldspar is quite scarce, anorthoclase and microperthite 
taking its place. But the plagioclase series occurs in its entire 
range from practically pure albite to practically pure anorthite. 
Some analyses of rocks containing plagioclase show a 
deficiency of silica, or an excess of sodium aluminate, which 
suggests the existence of the molecule NagAUSigOg or soda- 
anorthite as a constituent of plagioclase; but this assumption 
still awaits proof (see Chapter II, p. 17). 

The dark minerals of the saturated rocks include biotite 
and all the chief varieties of amphibole and pyroxene. Among 
the amphiboles the green ferrous hornblende is commonest in 
the more siliceous rocks; the brown ferric variety, into which 
the green hornblende transforms at high temperature, is found 
especially in rocks of low silica content. The soda-amphi- 
boles are confined to the syenites and trachytes and are 
remarkable for their very late crystallization. Although the 
hornblende in the more siliceous rocks is apparently primary, 
that in many of the more melanic rocks has been formed by 
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the transformation of earlier pyroxene crystals. The so^ralled 
“ uralite ** is a pseiidomorphic amphibole which retains the 
external form of the pyroxene crystals it has replaced. Some¬ 
times the pyroxene crystals Have mantles of hornblende around 
them; in other cases relics of pyroxene form the cores of large 
hornblende crystals; and it sometimes happens that the ophitic 
texture or the diallagic structure of augite has been preserved, 
although the material has gone over entirely into amphibole. 

Pyroxene occurs in many varieties. Ortho-pyroxene 
(enstatite to hypersthene) has a great development in the 
norites and pyroxenites, and clino-pyroxene (augite or diallage) 
in the gabbros, diabases and basalts. The intermediate type, 
enstatite-augite or pigeonite, has perhaps a wider distribution 
than any of them; it appears to be the commonest pyroxene in 
andesites, basalts and diabases. The lime-iron pyroxenes, 
diopside and hedenbergite, occur in syenites and trachytes; so 
do soda-diopside and aegirine. 

iEnigmatite and fayalite are scarce constituents of the 
more siliceous lavas, and a large number of uncommon species 
containing rare earths have been found in syenites and syenite- 
pegmatites. Sphene is particularly common in rocks contain¬ 
ing hornblende. Of minerals other than silicates, magnetite 
and ilmenite are the most important, and apatite is a common 
accessory constituent. Sulphides of iron, copper and nickel, 
such as bornite, chalcopyrite, pentlandite and pyrrhotite, are 
sometimes present in the more melanic rocks, and in some 
cases they must be regarded as original constituents. 

B.—Classification and Nomenclature of the Saturated 

Rocks. 

The subdivision of this class is complicated by the abund¬ 
ance of melanic and even hypermelanic rocks, many of which 
have received distinctive names. The colour index must there¬ 
fore find a place in the system. 

We begin, as before, by separating the rocks in which 
Or>An from those with An>Or. There is no difficulty about 
naming the orthoclase division; it contains the syenites and 
trachytes, and we subdivide them according to the Or: Ab 
ratio into potash and soda varieties. The shonkinites or 
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metallic syenites form a parallel series with colour index greater 
than 30. There are no lavas of this composition. 

It is customary to recognize an intermediate group of 
rocks between syenite and diorite, to which the name mon- 
zonite is given. F. Becke states that the ratio of Or: Ab : An 
in typical monzonite is about 35 : 45 : 20, and that the dark and 
light constituents are approximately equal in quantity. The 
typical monzonite is therefore a mesotype rock, but W. C. 
Brdgger (1) described leucrocratic rocks of similar mineralogical 
character in Norway, giving them the name akerite. Lastly, 
there is a group of syenites containing feldspar that is rich in 
soda and virtually free from anorthite. These may be called 
albite-syenite, but the specific name umptekite is commonly 
used for such rocks. 

Saturated rocks in which An>Or have many names, 
especially diorite, anorthosite, gabbro, norite, gabbrodiorite 
and diabase, with andesite and basalt for the extrusive forms. 
All anorthosite and most diorite and andesite are leucocratic, 
but the vast majority of gabbros, norites, diabases and basalts 
have a colour index between 35 and 60. Here is a suitable 
basis for subdivision, and the Ab: An ratio provides another. 
The four groups of rocks so defined may be called soda-diorite 
and lime-diorite, soda-gabbro and lime-gabbro. These are 
group names, not specific names. 

Finally, all rocks in which the proportion of feldspar falls 
below 10 per cent are brought together under the group name 
of perknite. 

The complete scheme appears below. 


Eucrystalline Rocks 


Leucocratic M esotype-M elanocratic 


Or>.An I 



Or>Ab 

Ab>»Or 

Potash-syenite 

Soda-syenite 

(a) umptekite 

(b) akerite 

Shonkinite 

Monzonite 

Ab>An 

An>Ab 

Soda-diorite 

Lime-diorite 

Soda-gabbro 

Lime-gabbro 


Hypermelanic 

Perknite 
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Dyscrystalline IRoCKS 


Leucocratic M esotype-M elanocratic 

^ ^ fOr>Ab Potash-trachyte (None known) 

^ (Ab>-Or Soda-trachyte (None known) 

(a) albite-trachyte 

(b) trachyandesite 




Soda-andesite 

Lime-andesite 


Soda-basalt 

Lime-basalt 

Hypermelanic 
(None knownl 


In the absence of a mineralogical analysis of a saturated 
rock, the norm calculated from the chemical analysis is not 
always a reliable guide to the Or-Ab-An ratio, for a certain 
quantity of lime and alumina that belongs to other minerals is 
diverted to anorthite in the calculation; hence the normative 
anorthite may largely exceed the amount actually present in 
the rock. Thus a shonkinite from Celebes, which was described 
by Iddings and Morley, is composed of augite and biotite with 
subordinate orthoclase, yet the norm shows 13 per cent of 
anorthite. 

All four reaction-types are represented among the syenites 
and trachytes, but the peralkaline type does not appear in the 
plagioclase division. With increasing lime content the pera- 
luminous type becomes uncommon. 


C. —Syenite, xsax, xs/Sl 
Peraluminous Type 

The syenites of Durbach and Meissen, Germany, are 
always quoted as examples of mica-syenite. The Durbach 
syenite is a marginal facies of the Black Forest granite; in part 
it is a pure mica-syenite, but the biotite is very often accom¬ 
panied by hornblende. Quartz is generally present, and no 
doubt a good deal of rock that would be better described as 
subacid granite has been included under the name of syenite. 
The biotite-syenite of Meissen, Saxony, is also quartz-bearing, 
and it is doubtful whether there is any true mica syenite in the 
area at all. 

Syenitic facies occur among the granites of Ontario. 
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Adams and Barlow describe a soda-syenite that consists of red 
microperthite with three or four per cent, of biotite, and a little 
muscovite, calcite, and apatite. Another soda-syenite, from 
Craigmont, has about 85 per cent of feldspar, 13 of titanomag- 
netite, and a little biotite. A red syenite at Monmouth has the 
following composition :—quartz 4*2, microperthite 84*5, mus¬ 
covite 4*8, biotite 3*9, rest 2*3; colour index 9. 

Potash-syenites are much less common than soda-syenites. 
A. Lacroix (2) describes a highly potassic syenite-aplite in 
Madagascar, consisting of microcline and albite, with mus¬ 
covite, biotite, and a very little quartz. The calculated norm 
shows 63 per cent, of Or, 18 of Ab, and 6 of An. 


Metaluminous Type 

The hornblende syenite of the Plauenscher Grund. 
Dresden, has long been regarded as the typical example of this 
kind of rock; yet a good deal of the rock that passes for syenite, 
and is found in rock collections all over the world, holds 10 
per cent or more of quartz. H. Ebert has assembled 17 deter¬ 
minations, made by nine different investigators, of the composi¬ 
tion of this rock. Quartz is present in every case, ranging 
from 5 to 12 per cent. Potash-feldspar predominates in general, 
but plagioclase sometimes exceeds it in amount. Hornblende 
is the only dark silicate and varies between 10 and 20 per cent. 

The “ nordmarkite of the Christiania district of Norway 
is a very leuoocratic syenite passing into subacid granite. The 
dark minerals are generally brown biotite and green horn¬ 
blende, and a little acid plagioclase is present; but peralkaline 
rocks have been described under the same name. 

Metaluminous orthosyenites have been described at various 
points in Quebec and Ontario. The syenite of Brome Moun¬ 
tain, Quebec, described by J. A. Dresser (1) holds 90 per cent 
of anorthoclase along with 10 per cent of biotite, pyroxene, 
hornblende, sphene and apatite. The same geologist (2) has 
described the syenite of Shefford Mountain, Quebec, which 
consists of microperthite with very little pale green augite, 
green hornblende and brown biotite, as well as traces of sphene 
and occasionally a few grains of quartz, 
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Beautiful examples of soda-syenite have been described by 
L. V. Pirsson (1) in Montana. The syenite of Highwood 
Peak has pale green diopside and brown biotite as its chief 
dark minerals, but some green hornblende has been formed by 
transformation of diopside, and there is a good deal of white 
mica present which is a bleached form of biotite. The syenite 
of Yogo Peak is very similar to the last, and both are similar 
to the syenites of Tripyramid Mountain and Belknap Mountain 
in New Hampshire, which have been described by Pirsson and 
Washington. 


Highwood Peak. Yogo Peak. Trifyramid. Belknap. 


quartz . 

... 8-2 

61 

1*0 

4-2 

soda>potash feldspar ... 

.. 71-2 

72-5 

86-5 

70-5 

biotite . 

.. 120 

— 

10 

7-6 

hornblende . 

— 

12*9 

60 

13-4 

diopside . 

7-7 

5-4 

10 

— 

accessories . 

.. M 

31 

4-5 

43 

Colour index . 

,.. (21) 

(21) 

(12) 

(25) 


All the above rocks belong to the Umptek type. The more 
calcic soda-syenites of the Aker type take their name from a 
locality in Norway, but the published descriptions of Nor¬ 
wegian akerites are inadequate. A typical akerite (leucocratic 
monzonite) occurs in the Leeuwfontein stock, Transvaal. The 
feldspar which .makes up about 80 per cent of the rock has cores 
of oligoclase-andesine surrounded by mantles of anorthoclase: 
and the melanes are brown hornblende, diopside, biotite and 
accessories. (S. J. S., 1.) 

Very similar rocks occur in the Monteregian Hills of 
Quebec. The akerite of ShefTord Mountain, described by J. A. 
Dresser (2), carries plagioclase, soda-orthoclase, pyroxene, 
biotite, and brown hornblende. The akerite of Mount 
Yamaska is described as follows by G. A. Young:— 


quartz . 

. 7-9 

orthoclase . 

. 16*7 

albite . 

. 430 

anorthite . 

. 9-2 

biotite . 

. 11-8 


diopside . 0*8 

ore . 6‘0 

apatite . 2-2 

accessories . 1*4 

Colour index . (21) 


The same type occurs in Tripyramid Mountain, New 
Hampshire (L. V. Pirsson, 2) and at Cuttingsville, Vermont 




















THE SATURATED ROCKS 


896 


(J. W. Eggleston). Each of these rocks carries about 80 per 
cent of feldspar, consisting partly of soda-orthoclase and partly 
of oligoclase or andesine, together with brown hornblende and 
either diopside or biotite, besides the usual accessory minerals. 


Suhaluminous Type 

Subaluminous syenites seem to be distinctly uncommon, 
for although diopside is one of the commonest constituents of 
syenites, it is either accompanied by hornblende or mica, which 
take the rock into the metaluminous class, or else it holds 
acmite in solid solution, and the rock is then peralkaline. 

H. von Eckermann gives the mode of a Swedish syenite- 
porphyry as follows:—quartz 7, orthoclase and albite 82, 
diopside 6, sphene 2, ore 2*5; colour index (9). J. Phemister 
has given the name of “perthosite ** to certain syenites in the 
north-west of Scotland, which consists almost entirely of 
perthitic feldspar, with only 1 to 3 per cent of dark minerals. 
In a typical case the dark minerals were diopside 1*75, mag¬ 
netite 0*5, sphene 0*25 per cent, leaving 97*5 per cent of 
feldspar. 


Peralkaline Type 

This type is widely represented, for the pyroxene in most 
examples of syenite tends to hold a little of the acmite mole- 
cole or to be mantled by soda-diopside or soda-hornblende. 
The feldspar is always a purely alkaline variety, either soda- 
orthoclase, soda-microcline, albite, or some variety of micro- 
perthite. 

The syenite of Umptek, Kola, which has given us the 
name umptekite, is a very leucocratic rock composed of micro- 
perthite, arfvedsonite and aegirine; it constitutes the border 
facies of the great foyaite intrusion at Umptek. A very 
similar rock, which is also associated with foyaite, has been 
described by P. D. Quensel at Almunge, Sweden; this rock 
contains two kinds of soda-amphibole, a brown arfvedsonite 
and a blue-green hastingsite. The Norwegian rocks which 
W. C. Brogger has called “ lestiwarite ** and “ solvsbergite ” 
are peralkaline dyke-syenites. 
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The peralkaline granites of Massachusetts pass locally into 
syenite. The Beverley syenite is virtually free from quartz; 
the dark minerals are sometimes aegirine and sometimes soda- 
hornblende, with accessory biotite, magnetite and sphene 
(C. H. Clapp). The hornblende crystals sometimes exhibit 
cores of diopside. An analysis of the Beverley syenite by 
F. E. Wright shows that the rock must consist of about 38 per 
cent of orthoclase and the same quantity of albite, with some 
20 per cent of metasilicates and a little quartz and ore. The 
rock of Wigwam Quarry, according to Clapp, has 70 per cent 
of alkali-feldspar, 8 per cent of quartz, and 22 per cent of 
riebeckite and aegirine. 

Beautiful examples of peralkaline syenite are developed 
between granite and an enclosed mass of limestone at Palabora, 
Transvaal, as described on page 81. The characteristic 
melanes are a jade-green, more or less sodic pyroxene and a 
lavender-blue amphibole of the arfvedsonite type, or some¬ 
times a deep blue riebeckite. With increasing colour index 
these syenites pass into shonkinite and pyroxene (S. J. S., 2). 

Syenites with blue amphiboles and biotite have been 
described by A. Lacroix (2) in Madagascar. Among them 
there is a potash syenite or pegmatite consisting solely of 
microcline and an unusual variety of soda-amphibole (toren- 
drikite); this rock is exceptionally rich in potash, containing 
11*2 per cent df KjO to 2-8 per cent of NazO. 

D.— Trachyte. DSaL, ds)8l 
Peraluminous Type 

Many rocks have been described under the name of mica- 
trachyte, but most of them are either so quartzose that they are 
properly rhyolites, or else they carry metasilicates in addition 
to biotite and therefore belong to the metaluminous type. The 
trachyte of Game Ridge, in the Rosita Hills of Colorado, 
seems to be a true peraluminous trachyte. According to W. 
Cross (2), it shows insets of sanidine, plagioclase and biotite in 
a groundmass of orthoclase and oligocfese, with a little quartz. 

Metaluminous Type 

The majority of trachytes are metaluminous. The widely 
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known rocks of the Drachenfels and other hills in the Sieben- 
gebirge of the Rhine are porphyritic rocks with large insets of 
soda-orthoclase in a pale gray, microcrystalline to hypocrystal- 
line base. Some plagioclase is always present, and among the 
scanty dark minerals biotite and hornblende are commonest, 
though diopside is sometimes present too. The hornblende 
crystals often have a corroded appearance, and are changed 
externally into grains of pyroxene and ore; this is just the 
reverse of the transformation usually observed in syenites. The 
glass base is highly siliceous, and a little quartz is sometimes 
recognizable in the groundmass. The norm of the Scheerkopf 
trachyte is quartz 6*4, orthoclase 47-8, albite 28*8, anorthite 7*8, 
leaving about 10 per cent of metasilicates, mica and accessories. 

The trachytes of Monte Gibele, Pantelleria, are porphyritic 
rocks holding soda-microcline, colourless pyroxene (but some¬ 
times sodic pyroxene, and then passing over to the peralkaline 
type), and a little brown hornblende. A trace of quartz may 
be present in the interstices. H. S. Washington (1) gives the 
composition of one of these lavas as follows :— 

quartz . 3 hornblende . 5 

soda-microcline . 83 magnetite . 2 

pyroxene .. 7 Colour index . (14) 

Metaiuminous trachytes from Bolsena and Vetralla, Italy, 
are also described by Washington (2), who states that in these 
rocks “ both olivine and quartz are wanting or only present 
sporadically.” The following modes are given :— 



(1) 

(2) 

(3) 

orthoclase . 

...49-5 

44-3 

48 

albite . 

21-7 

270 

27 

anorthite . 

14-4 

141 

12 

diopside . 

6-4 

3*2 

7-4 

biotite . 

3-4 

4-8 

10 

accessory . 

4*6 

6*6 

41 

Colour index . 

. (14) 

(14) 

(12) 


A perfect example of an almost precisely saturated soda- 
trachyte of the plagioclase-bearing variety (trachyandesite) is 
found in the Leeuwfontein complex, Pretoria; it is the effusive 
form of the magma which furnished the akerite described above 
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(page 394). It is a dark gray rock of andesitic appearance, 
with some insets of plagioclase. Under the microscope each 
plagioclase crystal is seen to be zonally built, with a core of 
oligoclase-andesine and a broad mantle of anorthoclase in 
which tiny grains of dark minerals are embedded. The 
groundmass is composed of unstriated feldspar and greenish 
hornblende, gray diopside, and green to brown biotite, with 
titanomagnetite and apatite. The dark minerals are often 
clustered together, a grain of diopside being surrounded by 
hornblende, biotite and ore grains which seem to have resulted 
from transformation of the pyroxene. The composition of the 
rock is approximately as follows (S. J. S., 1):— 
anorthoclase (about Ab^An Or^) 65 to 70% by volume, 
plagioclase (about Ab,An) 12 to 15 


hornblende 12 

diopside 2*5 

biotite 2 

titanomagnetite 2*5 

apatite 1 

Colour index (20) 


H. S. Washington (3) describes as “ latite, Monfina type ** 
a trachyandesite from Italy. This is a porphyritic rock with 
insets of biotite and augite, and some of feldspar, in a micro¬ 
crystalline to cryptocrystalline groundmass. The mode is 


quartz . 

6*8 

biotite . 

. 7*3 

^kali-feldspar (Or^Ab) 

33*8 

ores . 

. 6*0 

plagioclase (Ab^An,) .. 

34*1 

apatite . 

. 0*4 

augite . 

12*1 

Colour index 

.... (28) 


The rock of Mount Pennell, in the Henry Mountains of 
Utah, is a trachyandesite according to the data furnished by 
Whitman Cross (1, 2), and so are some of the “ andesites” of 
the Rosita Hills, Colorado. The dark minerals are augite, 
biotite and hornblende, and the feldspars have cores of plagio¬ 
clase with mantles of soda-orthoclase. In the mantles, tiny 
grains of dark minerals are enclosed, just as in the rock of 
Leeuwfontein, Transvaal. 

Subaluminous Type 

Subaluminous trachytes ought not to be too uncommon, 
but well-described examples of this type are not numerous. 
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Good examples have been found by H. S. Washington (5) on 
the island of Sardinia. The Cuglieri type is porphyritic, with 
large feldspar crystals and a few black augites in a light gray, 
microcrystalline groundmass. The feldspar is chiefly soda- 
orthoclase, but some acid plagioclase appears too. The mode 
is as follows:—quartz 2, soda-orthoclase (Or^Ab#) 62, andesine 
(AbjAni) 26, augite 5, ores 5; colour index 10. 

The Sennariolo type is dense and very fine grained, almost 
without insets of any kind, and is composed of very small laths 
of alkali-feldspar and a few grains of pale gray augite and 
magnetite, in a colourless, glassy base. The mode in this case 
can only be calculated from the chemical analysis: it is 
approximately quartz 2*5, soda-orthoclase 73, andesine 16, 
augite 3*5, ores 6; colour index 8. 

The trachyte of Monte Arci has insets of soda-microcline 
in a dense gray base which is composed of feldspar and quartz 
with a few grains of augite and magnetite. The mode is 
quartz 8, soda-microcline 83, pyroxene 6, ores 3; colour 
index 9. 

The trachytes of the oceanic islands possess a special in¬ 
terest because they seem to have been generated directly from 
an olivine-basalt magma. T. F. W- Barth (1) gives the follow¬ 
ing mode for a trachyte of the Marquesas islands; quartz 2, 
alkali-feldspar 65, plagioclase 25, pyroxene 2, ore 4; colour 
index 6. 


Peralkaline Type 

Peralkaline trachytes are well developed in eastern 
Australia and New Zealand, where they have been described by 
H. I. Jensen, H, C. Richards and P. Marshall. The trachytes 
of the Nandewar Mountains carry both aegirine and a deep blue 
hornblende, with about 90 per cent of feldspar (sanidine and 
anorthoclase) and sometimes a little interstitial quartz. iEgirine 
trachytes occur on Mount Flinders; Jensen gives the composi¬ 
tion of one of them thus: anorthoclase 75 per cent, aegirine 20, 
magnetite 5. A similar rock in the Canobolas Mountains has 
80 per cent of feldspar, 15 of soda-diopside, and 5 of acces¬ 
sories. Arfvedsonite and brown hornblende are the principal 
dark minerals in trachytes of the Warrumbungle Mountains; 
and arfvedsonite and riebeckite in those of the Glass House 
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Mountains. One of the latter holds 85 per cent of feldspar, 10 
to 14 of riebeckite and other soda-amphiboles, a little aegirine, 
and accessory magnetite and zircon. 

Similar rocks are found in New Zealand. P. Marshall 
describes trachytes with sanidine or anorthoclase and a little 
soda^diopside and magnetite, as well as one or two per cent of 
quartz, near Dunedin. 

I'he widespread trachytes of Kenya have been described 
by J. W. Gregory and A. Neilson, and in greater petrographic 
detail by W. Campbell Smith (1). The earlier writers named 
these rocks “ phonolitic trachyte” and even “phonolitic 
quartz-trachyte,” using the adjective phonolitic in the sense 
of peralkaline. But the rocks are actually nearer to rhyolite 
than to phonolite, for all the specimens that have been studied 
quantitatively contain from 3 to 11 per cent of quartz. The 
melanes include aegirine, katophorite, cossyrite and fayalite. 

Numerous occurrences of peralkaline trachyte have been 
recognized on oceanic islands. The trachytes of Ascension 
have been described by several writers, the latest and most 
complete account being that by R. A. Daly (2). The rocks 
contain about 80 per cent of soda-orthoclase or anorthoclase, 
and aegirine is the commonest melane, although riebeckite, 
cossyrite, and brown soda-amphibole may appear in addition. 
The norms show from 3 to 11 per cent of quartz. Entirely 
similar lavas have been described on Gough Island, in the 
South Atlantic, by W. Campbell Smith (2), who notes that 
many of them carry an iron-rich olivine in some abundance; 
and by T. F. W. Barth (1) on Maui and Hualalai, in the 
Hawaiian group. 

The trachyte of Chamarel, Mauritius, contains about 90 
per cent of anorthoclase, with aegirine and cossyrite as the 
characteristic melanes (S. J. S., 3). A chemical analysis of this 
rock shows silica to be so deficient that some nepheline appears 
in the norm although none could be detected in the rock. It 
is supposed that there is some of the hyi^^^hetical ”soda- 
anorthite ” in the feldspar. Such a rock may properly be 
described as a ” phonolitic trachyte,” for it is almost a 
phonolito 
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E.— ShONKINITE and MoNZONITE. XSaM, XSjSM 

The name shonkiniie was given by Weed and Pirsson to 
a melanic syenite that occurs at Shonkin Sag in the High- 
wood Mts. of Montana. It was defined as “a granular 
plutonic rock consisting of essential augite and orthoclase,” 
but the accompanying description shows that the rock is 
seldom so simple as that. The kernel of the definition is just 
that shonkinite is a mesotype to melanocratic syenite, and we 
shall use the name in that sense. The feldspar is always a 
potassic one. Monzonite is a mesotype to melanocratic soda- 
syenite containing a plagioclase with an appreciable content 
(more than 1/10) of anorthite. The lavas that are associated 
with monzonite in Montana, British Columbia, Sierra Nevada 
and elsewhere are all leucocratic (trachyandesite). No 
example of a mesotype lava of monzonitic composition is 
known. 

No perahiminous shonkinite or monzonite seems to have 
been described. Many of the dyke rocks which pass under the 
name “ minette are mica-shonkinites. 

Metaliiminons Type 

The shonkinites of Square Butte and Shonkin Sag are for 
the most part metaluminous, biotite being present in consider¬ 
able amount. From a number of modes furnished by J. D. 
Barksdale it appears that pyroxene ranges from 27 to 62 per 
cent and biotite from 11 to 21. Much of the rock is olivine¬ 
bearing and it is not clear how much of it is strictly saturated. 
Here we have an illustration of the difficulty that arises when a 
name is attached to a particular rock-mass rather than to a 
particular association of minerals. The rock of Shonkin Sag 
includes at least three species, namely, shonkinite, olivine- 
shonkinite, and nepheline-shonkinite. 

The shonkinite of Celebes, which has a special interest 
because of its association with leucitic lavas, contains nearly 
equal amounts of feldspar and melanes; the feldspar is almost 
entirely orthoclase and the melanes are augite and biotite, with 
accessory ore and apatite (Iddings and Morley). 

The rocks that F. F. Grout (1, 2) described under the name 
shonkinite, from the Vermilion and Saganaga granite batho>* 
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liths in Minnesota, would be better described as monzonites 
since they contain a large proportion of oligoclase. The modes 
of some of these rocks are given below. 



(1) 

(3) 

(8) 

quartz . 

. 6 

6 

3 

orthoclase . 

. 20 

16 

10 

oligoclase . 

. 40 

26 

20 

biotite . 

. 3 

— 

— 

hornblende .. 

. 30 

65 

66 

accessory . 

. 2 

— 

2 

Colour index .... 

.(36) 

(66) 

(67) 


W. C. Brogger (2) gives the following statement of the 
mineralogical composition of the typical monzonite of Tyrol; — 

quartz . 2*6 pyroxene . 14*5 

soda-orthoclase . 30*0 magnetite . 3*0 

plagioclase (AbjAnj) ... 32*0 apatite . 2*0 

biotite . 10*0 sphene, zircon . 1*0 

hornblende . 6*0 Colour index . (36) 

L. V. Pirsson has described monzonites in the Belknap 
Mountains of New Hampshire (1); and at Yogo Peak (2), in 
association with the syenites mentioned on page 394. 


soda-orthoclase . 

(1) 

... 200 

(3) 

30-4 (Or,Ab,) 

plagioclase (andesine) .... 

.. 27-2 

27-2 (Ab,An,) 

biotite . 

1*0 

12*1 

hornblende . 

.. 36*3 

4-5 

diopside . 

— 

20-7 

accessories, ore . 

.. 16*6 

61 

Colour index .. 

.. (63) 

(42) 


D. L. Reynolds (1) has given a very precise and detailed 
description of an augite-monzonite that forms part of the 
Newry igneous complex in northern Ireland. Augite and 
biotite in nearly equal parts make up almost half of this rock, 
the remainder being soda-orthoclase, andesine, and a little 
quartz. There are several mineralogical and textural features 
which indicate that this rock is a hybrid, not a simple magmatic 
product. 

Suhaluminous Type 

Few examples of subaluminous shonkinite or monzonite 
have been noted. In the following instance, described by 
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C. W. Drysdale, the proportion of hornblende and biotite is 
so small that the rock may be considered to be subaluminous. 
An augite syenite at Franklin, British Columbia, has a coarse¬ 
grained marginal facies composed of large augite crystals, ris¬ 
ing to an inch in diameter, set in a groundmass of smaller 
augite crystals with interstitial orthoclase. The mode is 


orthoclase . 

. 171 

ore . 

6-0 

biotite . 

. 0-8 

apatite . 

.... 10 

hornblende . 

. 1-6 

sphene . 

.... 0-4 

augite . 

. 731 

Colour index . 

.... (83) 


The shonkinite of Palabora, Transvaal (see pp. 81-83) 
is a rock of very simple composition; it corresponds more 
closely to Weed and Pirsson’s definition than the rock of 
Shonkin Sag does. Idiomorphic prisms of green diopside 
make up sixty per cent of the rock and are enclosed in large 
poikilitic plates of microcline. Two or three per cent of 
apatite, and mere traces of sphene and biotite, are the only 
other constituents. It is not considered that this rock crystal¬ 
lized from a magma of its own composition; it is a product of 
reaction between granitic magma and limestone. With in¬ 
creasing diopside content this rock passes into pyroxenite and 
pyroxene-apatite rocks (S. J. S., 2). 

Per alkaline Type 

This is distinguished from the last type by the entrance 
of more or less of the acmite molecule into the pyroxene. The 
shonkinite of the Highwood Mountains sometimes shows a 
transition towards this type, mantles of bright green acmite- 
diopside forming round the ordinary pale green pyroxene. 
Melanocratic syenites containing 40 to 70 per cent of sodic 
pyroxene has been described at Tveitasen and Melteig, in 
Norway (W. C. Brogger, 4), and at Ahvenvaara, Finland (V. 
Hackmann). 

F.— Diorite and Anorthosite. xsyL, xs5l 
Diorite is used here as a group-name for all saturated 
eucrystalline rocks that are rich in plagioclase. The group is 
divided by the Ab: An ratio into soda-diorite, which is diorite 
in the sense of Rosenbusch and includes the more sodic 
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anorthosites, and lime-diorite, which takes in the rest of the 
anorthosites and other leucocratic rocks with a calcic plagio- 
clase. One might use anorthosite as a group name in place of 
lime-diorite, but this would destroy the usefulness of the name 
anorthosite for “ rocks composed almost entirely of feldspar.** 
On the other hand it may be pointed out that this name has 
not infrequently been applied to rocks containing more than 20 
per cent of dark minerals. But it is the group that matters, 
not the name we give it, and the group is concisely defined by 
the symbol xs8l. 

Per aluminous Type 

Diorites of peraluminous type are little known. Many 
rocks are described loosely as “ mica-diorite,** but it generally 
appears on investigation that such rocks either hold far too 
much quartz to be diorites at all, or else they carry hornblende 
as well as biotite. Among dyke-rocks, the “ kersantite ** 
group is characterized by the association of plagioclase with 
biotite, but when quantitative data are available these rocks 
generally show more than 30 per cent of dark minerals. 

Metaluminous Type 

Diorite of this type is not uncommon, but well described 
examples are few. The Pinto diorite, in the Little Belt Mts. 
of Montana, has the following composition according to L. V. 
Pirsson (3):—orthoclase 17*5, andesine 63*5, biotite 3-5, horn¬ 
blende 13, ore 2-5; colour index 19. 

J. E. Wolff gives the following modes for the diorite of 
the Big Timber stock, in the Crazy Mts., Montana; — 


( 1 ) ( 2 ) ( 3 ) ( 4 ) 

quartz . 3 ^— 4 6 

orthoclase . 2 — 1 10 

labradorite . 70 68 68 66 

biotite . 14 4 12 10 

hornblende . — 16 6 — 

augite . 6 6 7 13 

hypcrsthene . — — 14 

accessory . 5 2 1 1 


Colour index .... (24) (27) (26) (28) 

A soda-diorite described by E. H. Watson in the San 
Carlos Mts., Mexico, is interesting because it is suggested that 
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it represents a residuum squeezed out of a body of gabbro in 
process of crystallization, and that the majority of the con¬ 
stituents were drained from the gabbro largely in the form of a 
crystal mush. The mode is quartz 5, orthoclase 23, andesine 


60, hornblende 8, augite 

2, biotite 

1, magnetite 1; colour 

index 12. 




Some facies of the “ norite ” of Sudbury, Ontario, are so 

leucocratic that they fall 

into the 

present 

division. The 

following modes are given by W. A. 

Zisman. 



(1) 

(2) 

(3) 

quartz . 

. 3 

8 

6 

potash-feldspar . 

. 1 

1 

4 

andesine-labradorite 

. 74 

67 

70 

biotite . 

. 1*5 

6 

3 

hornblende . 

. 2 

5 

3 

augite . 

3 

5 

2*6 

hvpersthene . 

. 16 

8 

10 

accessory . 

. -5 

— 

1-5 

Colour index . 

.(22) 

(24) 

(20) 

A. F. Buddington gives the following examples of diorite 

from New York State : — 





(1) 

(2) 

(3) 

quartz . 

. 3 

3 

9 

orthoclase . 

. — 

2 

3 

andesine . 

. 66-5 

74 

64 

biotite . 

. 7 

4 

12 

hornblende . 

. 21 

10 

11 

pyroxene . 

. — 

4 

— 

accessory . 

. 2-5 

3 

1 

Colour index . 

.(30) 

(21) 

(24) 


A soda-diorite is described by Friedlaender and Niggli in 
the Vosges Mts., containing quartz 5, orthoclase 9, andesine 
69, hornblende, biotite and chlorite 14, accessories 3 per cent; 
colour index 17. In the same region there are numerous dykes 
of vogesite, which may be called dyke-diorite, of similar 
mineralogical character. 

The ornoite of Stockholm, Sweden, is a perfect example 
of this type. E. Troger gives the following mode : microcline 
6, oligoclase-andesine 80, hornblende 12, accessory 3; colour 
index 16. 
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Many anorthosites are metaluminous. The Marcy anor¬ 
thosite of the Adirondack Mts. is composed of large blue-gray 
labradorite crystals, averaging about an inch in diameter, to¬ 
gether with 6 to 10 per cent of hornblende, pyroxene, biotite, 
garnet, ilmenite, and sometimes iron and copper sulphides. 
More sodic varieties occur too, in which both orthoclase and 
quart/, are present (W. J. Miller). 

Anorthosite of San Carlos, California, containing 95 per 
cent of plagioclase of the composition An.o with 4 per cent of 
hornblende and 1 per cent of augite, has been described by 
F. S. Miller. 


Subaluminous Type 

The “andesine anorthosite” of Amherst County, Vir¬ 
ginia, described by Watson and Cline, is a subaluminous soda- 
diorite. It is composed of andesine and some microcline, with 
subordinate blue quartz and a little hypersthene, rutile, 
ilmenite and apatite. The norm is quartz 6*7, orthoclase 20, 
albite 40, anorthite 28, with only 2 8 per cent of femic con¬ 
stituents. 

Both andesine-anorthosite and labradorite-anorthosite 
occur in St. Urbain, Quebec. The following modes are given 
by J. B. Mawdsley. 

andfsitie-anorthositt. labradorite-anorthosite 

orthoclase . 8 5 — 


rAn„.^3 . 

.... 68-2 

— 

— 

plagioclase j . 

— 

87 

— 

'An^g.,, . 

— — 

— 

90 

hypersthene . 

. 14'8 

7-4 

7-2 

ilmenite . 

•9 

•6 

1*6 

hornblende, biotite . 

— 

— 

1*2 


The anorthosites of the Bushveld complex contain almost 
nothing but plagioclase (bytownite) and bronzite, the latter 
forming 2 to 6 per cent of the rock (A. L. Hall). Varieties 
with 16 per cent and more of bronzite are described as anor- 
thositic norite. 


G.— Andesite, ds^l, ds8l 

Probably no rock-name has been so abused as andesite. 
If one studies the norms of the ” andesites ” in Washington’s 
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Tables, one finds that quartz is frequently present in quantities 
greater than 20 per cent, rising to 35 per cent. In other cases 
there is such a deficiency of silica that 15 per cent of olivine, 
or 11 per cent of nepheline, appear in the norm. The ratio of 
orthoclase to anorthite reaches such values as 30 to 1 and 15 to 
1, while in some cases anorthite is entirely absent and the norm 
contains acmite. The proportion of femic minerals in the 
norm varies from 5 to 50. In our classification, these rocks 
would be spread over rhyolite, rhyodacite, dacite, trachyte, 
trachyandesite, basalt, and certain undersaturated groups, and 
certainly less than half of them would be left in andesite. But 
most descriptions of rocks that are called “andesite** are so 
imperfect that it is impossible to place the rocks properly in a 
quantitative classification. 

Peraluminous andesites possibly exist, but it is very diffi¬ 
cult to recognize them among the “ mica-andesites** that have 
been described. Nearly all so-called mica-andesites carry 
hornblende or augite as well as mica, and, in addition, many 
of them are far too siliceous to deserve the name of andesite 
at all. 


Metahiminous Type 

Metaluminous andesites, containing hornblende and 
biotite, have been described, for example, in the Siebengebirge 
of the Rhine, in Hungary, Spain, the Andes, Central America, 
and the Western United States, but quantitative detail is 
mostly lacking. Many of those rocks are certainly rhyodacites 
and trachyandesites. 

Hornblende-hypersthene andesites have been described on 
Lassen Peak and Mount Shasta in California, Mount Rainier 
in Washington, and Mount Hood in Oregon, but as far as 
one can judge from the norms, these rocks should be classed 
as dacite. 

The lavas of Electric Peak and Sepulchre Mountain, in 
the Yellowstone National Park, are mostly too acid to be ad¬ 
mitted to the group of andesites as defined here, and some of 
them have orthoclase in excess of anorthite; but about four of 
the analyses given by J. P. Iddings represent slightly over¬ 
saturated rocks with anorthite greater than orthoclase and a 
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colour index apparently about or rather less than 30. Some 
of the rocks are microcrystalline, but many have a residue of 
dark glass. Augite, hornblende and biotite all appear among 
the dark minerals. Hornblende is present in almost every 
case, and the more hornblende, the less pyroxene does the rock 
carry. Biotite accompanies the hornblende in those rocks 
which hold least pyroxene. 


Subaluminous Type 

Subaluminous andesites are probably commoner than any 
other type, although a large proportion of the rocks that have 
been described as augite-andesite and hypersthene-andesite 
have a colour index greater than 30, and are consequently to 
be transferred to basalt. 


The andesite of Pasto Volcano in Colombia, described by 
R. Kiach, has the following mode: — 


quartz . 

. 8-9 

augite . 

. 140 

orthoclase . 

9*4 

magnetite . 

. 8*6 

albite . 

. 14-9 

apatite . 

0-3 

plagioclase (AbyAn^) .. 

. 43*9 

Colour index .... 

. (23) 


The andesites of the San Francisco volcanic district in 


Arizona, described by H. H. Robinson, are interesting as 
showing olivine crystals in a glassy base which contains free 
silica. In the following table the actual mineral composition 
of these rocks is given, together with the calculated composi¬ 
tion :— 

San Ftancuco Mtn, Kendrick Peak 


Actual 
development 
of rock 


Calculated 
composition 
of entire 
rock 


i 


groundmass . 

. 27-7 

32-2 

feldspar . 

. 62-9 

63-2 

pyroxene . 

. 10-4 

7-4 

olivine .^... 

. 2*4 

4*2 

magnetite . 

. 6-6 

30 

quartz . 

. 101 

8-6 

orthoclase . 

. 131 

12-8 

albite . 

. 35-6 

330 

anorthite . 

. 19-2 

18-5 

augite . 

. 80 

9-3 

hypersthene . 

. 3-6 

6-5 

olivine . 

. 2-4 

4-3 

magnetite . 


6-6 

apatite . 

. 10 

0-7 

Colour index . 

. (23) 

(27) 
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The first of these is a dark gray, compact or vesicular 
rock, with little insets of plagioclase which seldom exceed 1 
millimetre in diameter. The groundmass shows little feldspar 
laths, grains of pyroxene, tiny olivine grains, magnetite and 
glass. In each of these rocks there is enough free silica to have 
converted all the olivine into hypersthene, if cooling had taken 
place with sufficient slowness to allow the reaction to take 
place. If we perform this operation on paper, the first rock 
will be enriched by 3 4 per cent of hypersthene, leaving 9 per 
cent of quartz; and the second will have altogether 11*6 per 
cent of hypersthene and 6-7 per cent of quartz. Both rocks are 
therefore abnormally developed andesites. 

H.—GaBBRO AND SodA-GaBBRO. XSyM, XSgM 

The name gabbro, as used here, stands for the group of 
plagioclase-bearing rocks of mesotype to melanocratic char¬ 
acter. It is divided by the Ab: An ratio into soda-gahbro and 
lime-gabhro. The name soda-gabbro covers a group of rocks 
about which there has been little agreement in the past, some 
writers putting them in diorite, some in gabbro and some mak¬ 
ing use of the non-committal name gabbrodiorite. Most of 
these rocks contain a large proportion of hornblende, so it may 
be preferable to use soda-gabbro as the group name and leave 
gabbrodiorite for the varieties rich in hornblende. The lime- 
gabbro group includes all normal gabbro, norite and diabase 
(dolerite). 

Per aluminous Type 

Mica-gabbro containing no other dark silicate than 
biotite is almost unknown. Among the dyke-rocks, however, 
the kersantites have the appropriate composition. These 
rocks consist typically of plagioclase and biotite, but quantita¬ 
tive descriptions are seldom available. J. H. L. Vogt has 
given the composition of kersantite at Bygdo, Sweden, in the 
following terms:—labradorite 60 to 70, biotite 20 to 25, mag¬ 
netite 10 to 12, with some pyrite and apatite. 

Metaluminous Type 

The simple association of oligoclase with an abundance 
of hornblende has been observed by S. W. Wooldridge on 
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the island of Sark, Channel Islands. In one case, measure¬ 
ments indicated 48 per cent of oligoclase and 60 of hornblende. 
This rock bears the same relation to diorite that shonkinite 
bears to syenite. 

An extremely high content of brown hornblende is reported 
by T. F. W. Barth in a pegmatite at Brandbukampen, Nor¬ 
way. The mode is:— 

quartz . 0*8 

andesine . 10*5 

biotite . 7*1 

hornblende . 75*0 

A simple lime-gabbro which is almost free from pyroxene 
was described by L S. Allison in the Giant’s Range of 
Minnesota. It consists roughly of 70 parts of labradorite 
and 30 parts of hornblende, the crystals sometimes enclosing 
cores of pyroxene. 

F. Sellner describes mica-rich gabbrodiorite in the 
Brunner massif, Austria, and gives the following modes:— 




(1) 

(S) 

quartz . 


... 4*6 

6*0 

plagioclase . 


... 47-6 

48*8 

biotite . 


... 23-9 

19-9 

hornblende . 

......... 

... 22-7 

24-6 

accessories . 


... 1-4 

1-7 

Colour index 


... (48) 

(46) 


pyroxene . 4*4 

sphene, ore . 2*1 

colour dndex . 


The hornblendo-gabbro of Frankenstein, Germany, is on 
the whole a soda-gabbro, the composition of the plagioclase 
ranging from Anjj to Ana^. P. Tschirwinsky has given the 
following mode:— 


plagioclase (An^f to An^^) . 

augite . 29*9 

hornblende . 6*2 

titanomagnetite . 1*6 

pyrites . 0*1 

Colour index . (38) 


The hypersthene-hornblende association is illustrated by 
the norite of St. Thomas’ Mount, Madras, which H. S. 
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Washington (6) has described as follows : plagioclase (AbiAn^) 
40*8, hornblende 19*6, hypersthene 31, ores 8*6. The hypers- 
thene-biotite association is found in many norites, as at 
Tripyramid Mtn., New Hampshire. L. V. Pirsson (2) gives 
the following mode ;— 

quartz . 30 augite . 6*6 

orthoclase . 3*0 hypersthene . 10*0 

plagioclase . 66*6 ore . 110 

biotite . 6*0 apatite . 4*4 

Colour index . (37) 

The association of hornblende, augite and biotite is seen 
in the gabbros of Slesse Mountain and Ashnola, British 
Columbia (R. A. Daly, 1) and in the “diorite** of Belknap 
Mountain, New Hampshire (L. V. Pirsson). 


Sltssi Mtn. Ashnola, Btlknap Min. 

quartz . 9*5 0*6 — 

labradorite . 68*0 57*5 43*6 

biotite . 12*6 30 3*3 

hornblende .. 12*8 21*8 26*3 

augite . 4*3 12*0 16*8 

ores . 2*3 3*6 7*7 

accessories . 0*6 1*6 3*4 


Colour index ... (32) (42) (66) 

The same association is seen in the hybrid “ augite-biotite- 
diorite ** of the Newry complex, Ireland. This rock contains 
24 per cent of augite (including a little hornblende), 26 per cent 
of biotite, and 46 of andesine (D, L. Reynolds, 1). With a 
soda-lime feldspar and a colour index of 56 the rock is a soda- 
gabbro in terms of the classification followed in this book. 

Biotite, hornblende, augite, hypersthene, and even a trace 
of olivine are all present in a gabbro that J. E. Wolff has 
described in the Crazy Mts., Montana. Here we have the 
entire reaction-series of the ferro-magnesian minerals in a 
single rock. The mode is quartz 1, labradorite 25, biotite 8, 
hornblende 33, augite 21, hypersthene 4, olivine 1, accessories 
7; colour index 74. 

A colour index greater than 60 is shown by gabbros that 
have been described by W. G. Foye at Glamorgan, Ontario, 
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and by G. A. Young at Mount Yamaska, Quebec. The modes 
are;— 


plagioclase .... 
hornblende .... 

augite . 

ilmenite . 

pyrite, apatite 
Colour index 


(1) 

(3) 

22*6 

160 

44*3 

21*2 

19*6 

43*4 

12-2 

16*7 

1*2 

3*7 

(76) 

(86) 


Norites that have been greatly contaminated by solution 
of aluminous sediments, leading to the appearance of cor- 
dierite, garnet and other highly aluminous minerals, have been 
described by H. H. Read and W. R. Watt in north-eastern 
Scotland. The mode of one such rock, occurring near Huntly, 
has been given as follows by Watt:— 

quartz . 1-0 hypersthene . 3 0 

orthoclase . 2*8 garnet . 16-6 

albite . 30*9 cordierite . 14*4 

anorthite . 12*2 sillimanite . 0*2 

biotite . 13*6 ilmenite, etc. 4*8 

Colour index . (36) 

Subaluminous Type 

This type includes common gabbro, norite, and diabase 
or dolente. The rocks are common enough, but accurate 
statements of their mineralogical composition are less common. 

B. V. Lombaard has given a number of modes for the 
different facies of the Bushveld norite. If we exclude the 
anorthosite facies in which the colour index falls below 30, 
then the range of composition is labradorite 46 to 70, ortho¬ 
pyroxene 3 to 46, clino-pyroxene 1 to 29, accessories 0 to 9; 
colour index 32 to 64. The average of 13 modes is labradorite 
64, ortho-pyroxene 20, clino-pyroxene 15, accessory 1; colour 
index 36. A very little quartz is present in the more felds- 
pathic facies. 

For the Sudbury gabbro or norite, T. C. Phemister has 
furnished diagrams to indicate the variation in mineralogical 
composition along certain lines of traverse. It appears from 
these data that quartz is always present and often in greater 
amount than 10 per cent; also that a large proportion of the 
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rock is leucocratic. We have already included some examples 
of the latter type in the lime-diorite group. Coleman, Moore 
and Walker present an average composition calculated from 
five analyses of norite from the “ basic border,” from which it 
appears that the average feldspar is sodic (Or^^Ab^rAn^o), 
which would throw the corresponding rocks into the soda- 
gabbro group. In short, the Sudbury gabbro is a very vari¬ 
able rock which ranges in composition from tonalite to diorite, 
soda-gabbro, and leucocratic gabbro or norite. In addition, 
the original pyroxene has commonly been transformed into 
hornblende. Compared to the Bushveld norite the Sudbury 
rock is richer in silica and alkalis and much poorer in lime and 
magnesia. 

W. Larsson has made a detailed study of the Nygard 
norite stock in Sweden. This little stock of about one square 
mile shows a wide range of composition, the colour index vary¬ 
ing from 25 to 92. The mean of 46 modal analyses is as 
follows:—labradorite 50, ortho-pyroxene 32, clino-pyroxene 7, 
biotite 3-8, hornblende 2, ore 3; colour index 50. A little 
biotite is present in every case, and usually a little hornblende 
as well. This raises the question whether such rocks should 
be referred to the subaluminous or to the metaluminous type. 
So long as the proportion of biotite or hornblende is trivial— 
say less than one-tenth of the pyroxene—it may be ignored; 
but in the present instance the average proportion of biotite 
and hornblende is one-seventh of the pyroxene. One might 
describe such a rock as a transitional one, and indicate this by 
the symbol XSs-m8(50). 

The gabbro of the Insizwa lopolith in South Africa is 
mostly olivine-bearing, but it has an olivine-free facies for 
which D. L. Scholtz has given the following mode :—quartz 
4*2, cryptoperthite 4 4, plagioclase 54, ortho-pyroxene 24, clino- 
pyroxene 9*6, hornblende 2*2, biotite 1, ore 0*3; colour index 
37. In this case the proportion of hornblende and biotite is 
less than one-tenth of the pyroxene, so for the purpose of classi¬ 
fication it may be ignored. 

A. Holmes and H. F. Harwood (1) have made a very com¬ 
plete chemical and mineralogical study of the Whin Sill and 
related dykes in the north of England. The calculated mineral 
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composition of the Whin Sill is given in the first column and 
that of five of the related dykes in the other columns. 


(1) m (B) (4) (5) (6) 

quartz . 6-7 4-6 8*6 9*7 10*5 6*8 

alkali-feldspar ... 4*4 6*8 3*0 6*1 3*0 — 

plagioclase . 40*4 40*6 42*4 43*4 42*5 46*6 

pyroxenes . 36*7 36*4 29*4 27*6 27*1 32*2 

ores . 8*9 9*4 12*6 11*9 9*8 8*9 

accessories ..... 1*4 *7 14 1*5 6*8 1*1 


Colour index ... (47) (46) (43) (41) (43) (42) 

The plagioclase in these six rocks holds in each case just 
under 60 per cent of anorthite,*and the pyroxene includes both 
rhombic and monoclinic species: 

Quartz-bearing gabbros and diabases of the above char¬ 
acter have been widely recognized in Spitzbergen, Canada, 
eastern United States, British Guiana, Brazil, India, South 
Africa and Tasmania. F. Walker’s data for the Palisade sill 
in New Jersey were quoted in Chapter IX. 

I.— Basalt and Soda-Basalt. DSyM, dsJm 

The fheraluminous type is unknown. 

Metaluminous Type 

Metaluminous basalts are much less common than the cor¬ 
responding gabbros. A hornblende basalt was described by 
H. H. Robinson at Bill Williams Mountain, Arizona. The 
visible constituents of this rock are hornblende (48 per cent), 
labradorite (12 per cent) and magnetite (2 per cent), with a 
cryptocrystalline groundmass which makes up 37 per cent of 
the rock. If the rock had crystallized completely, it would 
have had approximately the following composition :— 

quartz . 7*1 hornblende . 47*6 

orthoclase . 4*4 magnetite . 2*0 

albite . 29*8 apatite . *3 

anorthite . 8*2 Colour index . (60) 

Among dyke-basalts, however, it is likely that many 
examples of this type could be found. Such are, for instance, 
many of the so-called ^’camptonite” dykes. Pirsson and 
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Washington have described a camptonite of Mount Belknap, 
New Hampshire, which consists of 


labradorite . 

. 63*2 

apatite . 

1-9 

6-7 

hornblende . 

. 31-7 

calcite . 

iron ore . 

. 6*4 

Colour index about 40 



Camptonites from San Carlos Mts., Mexico, have been 
described as follows by E. H. Watson :— 

(1) (2) 

andesine . 46 — 

labradorite . — 60 

brown hornblende 30 13 

augite . 20 19 

magnetite, etc. 4 8 

Colour index .... (64) (40) 

Subaluminous Type 

Among the basalts and dyke-basalts the Tholey type 
(tholeiite) corresponds very closely to the diabase of the Whin 
Sill and Palisade type. Holmes and Harwood (1) have studied 
the tholeiites of the north of England and give a large number 
of chemical analyses, together with the calculated composition 
of each rock analyzed. A single example may suffice. The 
calculated composition of the Tynemouth dyke is as follows :— 

quartz . 6*2 pyroxene . 37-4 

alkali-feldspar . -8 ores . 6‘8 

plagioclase . 47-7 accessories . 1*6 

Colour index . (46) 

The basalts of the Deccan, India, have been studied by 
H. S. Washington (7). In a region of over 200,000 square 
miles some variation must be expected, but these basalts are 
remarkably similar all through the region. They are mainly 
dense, non-porphyritic rocks with not more than ten per cent 
of glass. In the majority of cases olivine is entirely absent 
and there is a small excess of silica. Augite and labradorite 
make up about 90 per cent of the rocks, and some magnetite 
is always present. 

The following norms, calculated from two of Washing¬ 
ton’s analyses, give an idea of the mineralogical composition 


( 8 ) 

69 

30 

11 

(41) 
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of the rocks:— 


(1) 

(2) 

quartz . 

. 5-6 

2-4 

orthoclase 

. 6-6 

6-7 

albite . 

. 18-3 

267 

anorthite 

. 211 

24-5 

pyroxene .... 

. 361 

361 

magnetite and ilmenite . 12*4 

2-8 

apatite . 

. 0-7 

1-7 

The Snake River 

basalts of Oregon are 

very similar to 

the Deccan “ traps.** 

The norm calculated from six analyses 

shows 

quartz . 

2*2 pyroxene . 

. 32-7 

orthoclase . 

7-8 magnetite and 

ilmenite 8-9 

albite . 

24-6 apatite .. 

. 20 


anorthite . 20-6 


H. S. Washington (4) describes subaluminous andesite- 
basalts at Monte Arci, Sardinia. These are dense, dark gray 
or black rocks, showing only rare and very small insets of 
feldspar. Both ortho- and clino-pyroxenes are present, and 
there is very small residuum of siliceous glass. The following 
mode is calculated from a chemical analysis: — 

quartz (occult) . 4 ores . 8 

AbyAiig . 62 apatite . 1 

diopside . 5 glass . 3 

hypersthene . 17 Colour index about 31 

Among the basalts of Monte Ferru, in the same island, 
there are some which show the association of quartz and 
olivine, of which we have already discussed several instances. 
The olivine crystals form insets only, while the quartz is con¬ 
fined to the interstitial base of the groundmass. In each case 
described by Washington (6) there is enough free silica to 
have converted the whole of the olivine into enstatite, as the 
following figures show ;— 



(1) 

(2) 

quartz . 

. 6 

4 

AbjAn^ . 

. 67 

60 

pyroxene . 

. 21 

32 

olivine . 

. 10 

8 

ores . 

. 6 

5 

apatite . 

. 1 

1 

Colour index . 

. m 

(46) 
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A few examples of soda-basalt and lime-basalt, containing 
either no olivine or else a small proportion of olivine together 
with the corresponding amount of free silica (Bowen-Andersen 
reaction), have been described from the island groups of the 
Pacific, by T. F. W. Barth. 

J.—Perknite. xsh 

Under this name we place all saturated rocks which are 
composed, to the extent of ninety p)er cent or more, of pyro¬ 
xene, hornblende or biotite, with which magnetite, ilmenite, 
chromite, spinel or a sulphide may be associated. An iron- 
rich olivine or an iron-rich garnet may also be present. Rocks 
that consist almost entirely of iron-ore (magnetite-rock, 
ilmenite-rock, chromite-rock) are not considered here. We 
may subdivide the perknites into ortho-pyroxenite or bronzitite, 
clino-pyroxenite or diopsidite, garnet-pyroxenite, hornblende- 
pyroxenite, and hornblendite. 

Per aluminous Type 

Rocks composed wholly of mica can hardly be said to have 
an independent existence. Larsen and Pardee have described 
lenses of biotite-rock, now altered to vermiculite, in pyroxenite 
at Libby, Montana, and have suggested for them the name 
glimmerite. Elsewhere this material is only known in nodules. 

Metaluminous Type 

Biotite-pyroxenite with a large proportion of mica occurs 
in the Newry complex, Ireland; it has the following compo¬ 
sition:—biotite 45, augite 27, hornblende and actinolite 21, 
ore and apatite 6 (D. L. Reynolds, 1). Volcanic bombs con- 
sisting of augite and biotite occur on Monte Somma (A. 
Rittmann). At Libby, Montana, Larsen and Pardee describe 
a body of diopside-pyroxenite which contains a variable pro¬ 
portion of biotite and grades into the glimmerite mentioned 
above. This rock sometimes holds a little garnet, and apatite 
is always abundant. The mode of a single specimen is stated 
as follows: diopside 74, biotite 5, garnet 1, ore 10, apatite 10. 
A diopside-pyroxenite at Loch Ailsh, Scotland, has been 
described by J. Phemister; it holds diopside 60, biotite 19, 
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hornblende II, iron ore 9 per cent. Other occurrences of 
biotite^pyroxenite have been summarized by D. L. Reynolds 
( 2 )- 

In the “yamaskite** of Mount Yamaska, in the Monte- 
regian Hills of Quebec, the pyroxene takes the uncommon 
form of titanaugite. The mode is titanaugite 57, hornblende 
29* ilmenite and pyrite 7, anorthite 2 per cent (G. A. Young). 

The hypersthene-hornblende association is exhibited by a 
rock from Madras, India, which was described by H. S. 
Washington (6). The mode is hypersthene 46, clino-pyroxene 
5, hornblende 41, magnetite 8 per cent. 

Biotite-hornblende-bronzite pyroxenite is recorded by R. 
J. Bridges, in Tanganyika Territory, East Africa. Bronzite 
forms 10 to 20 per cent of the rock, the remainder being com¬ 
posed of hornblende and biotite in nearly equal proportions. 

Hornblendites in which the dark brown hornblende crystals 
contain cores or ghosts of diallage, thus demonstrating the 
origin of the rock by transformation of pyroxenite, were 
described by Wyllie and Scott at Garabal Hill, Scotland. A 
hornblendite containing 93 per cent of hornblende with 7 per 
cent of feldspar was described by F. F. Grout (2) at Saganaga 
Falls, Minnesota. This rock is a marginal facies of the 
Saganaga granite. 

Many pyroxenites hold a little garnet. A. Lacroix (1) has 
described rocks consisting of diopside and garnet, diallage and 
garnet, and diallage with hornblende and garnet at Lherz, in 
the Pyrenees. The eruptive origin of these rocks is perhaps 
open to question. 


Subaluminous Type 

Diopside-pyroxenite with only a trifling proportion of 
biotite or hornblende has been described by W. C. Brogger 
(2) at Monzoni, Tyrol. Besides three or four per cent of 
biotite and hornblende the rocks contain a little plagioclase. 
Brogger (3) has also described pyroxenite of similar composi¬ 
tion at Gran, Norway, where it forms a marginal facies of 
essexite. The pyroxenite of Palabora, Transvaal, consists of 
pale green diopside with only a little microcline and apatite. 

The “ websterite *’ of North Carolina contains both 
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rhombic and monoclinic pyroxene. F. Bascom has described a 
rock of this character at Oakwood, Maryland, which consists 
simply of hypersthene (43 per cent) and diallage (56 per cent). 

Ortho-pyroxenite, consisting of bronzite with no more than 
6 or 6 per cent of plagioclase, diopside and chromite occurs 
largely in the deeper zones of the Bushveld norite lopolith 
(P. A. Wagner). Entirely similar rocks are found in the 
Great Dyke of Rhodesia and in the Stillwater complex of 
Montana. 

Many pyroxenites carry a moderate or even large propor¬ 
tion of oxidic or suphidic ore. P. Geijer has described the 
passage of a syenite, at Rackberget, Sweden, into a rock com¬ 
posed of pyroxene, fayalite and magnetite in the proportion 
(to judge from a single text-figure) of about 60 : 20 : 30. The 
“ Pusey iron ore” of Glamorgan, Ontario, is a heavy, black 
rock made up essentially of augite and titanomagnetite, the 
latter constituting from one quarter to over three quarters of 
the rock (Adams and Barlow). The pyroxene grains are com¬ 
pletely enclosed in magnetite, but about each grain there is 
generally a narrow mantle of brown hornblende which has 
been formed from the pyroxene. 

Peralkaline Type 

Perknites consisting mainly of soda-pyroxene, generally 
a more or less sodic diopside, have been found in association 
with peralkaline syenite at Ice River, B.C., and elsewhere. 
Volcanic bombs of such material appear at Monte Vulture, 
Italy. One of these has the following composition ; segirine- 
diopside 39, hornblende 42, biotite 6, ore 6, apatite, etc., 7 per 
cent (A. Rittmann). 

The original eclogite of Bavaria contains a green soda- 
pyroxene (omphacite or jadeite-diopside) with green horn¬ 
blende and pink garnet. The eclogites are regarded by most 
people as metamorphosed basalts and tuffs. 
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THE UNDERSATURATED ROCKS 
(NON-FELDSPATHOIDAL DIVISION) 


(DESCRIPTION) 
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A.— Mineralogy 



The mineralogy of these rocks is the same as that of the 
saturated rocks, except for the appearance of the unsaturated 
minerals olivine, melilite, melanite, perovskite and corundum. 
Quartz and siliceous glass are entirely absent except in rare 
instances where the Bowen-Andersen reaction has been in¬ 
hibited by rapid cooling of the magma. 

Olivine is seldom associated with a potassic feldspar, for 
the reason that orthoclase can react with olivine to give hypers- 
thene and biotite. Even the soda-rich feldspars are rarely 
found in association with olivine, and in general the feldspar 
of the olivine-bearing rocks ranges from labradorite to anor- 
thite. Olivine crystallizes as a rule before all other silicates 
except anorthite. A. Harker has shown that in rocks that con¬ 
sist chiefly of these two minerals, like the allivalite and harrisite 
of the island of Rum, the mineral which is present in larger 
quantity crystallizes first. But in consequence of the great 
difference in melting-point between forsterite and fayalite, 
an iron-rich olivine crystallizes at a much lower temperature 
than the common iron-poor variety. S. I. Tomkeieff (1) 
has shown that the olivine in many dolerites and diabases is 
zoned and the outer zones are richer in iron than the cores. 


432 



UNDERSATURATED (NON-FELDSPATHOIDAL) ROCKS 423 

In British Tertiary dolerites the proportion of fayalite in the 
cx)res of the olivine crystals is 18 per cent, but in the outer 
zones it is as much as 40 per cent. 

Melilite is only found in rocks with an excessively high 
content of lime. It is seldom found apart from olivine, and it 
is generally the last of all the heavy silicates to crystallize. In 
the alnoite of Montreal, J. Stansfield found that the order of 
crystallization was olivine, iron ore, perovskite, biotite, meli¬ 
lite ; and in the Oka Hills it was apatite, ore, mica, perovskite, 
melilite, followed by nepheline and haiiyne. In the melilite- 
basalts of Namaqualand, South Africa, M. S. Taljaard ob¬ 
served that an early generation of pyroxene was resorbed and 
transformed into melilite, after which there was a later genera¬ 
tion of titanaugite. Perovskite is an almost invariable associate 
of melilite and is seldom found in any other association. 

Melanite is only found in a few syenites and trachytes. 
Its commonest associate is a more or less sodic diopside, though 
in borolanite it is associated with biotite. 

The only significant occurrences of corundum are in peg¬ 
matite dykes, as already related. In these the mineral is asso¬ 
ciated with feldspar of low potash content, usually a soda-rich 
microperthite, albite or oligoclase; but in the kyschtymite of 
the Ural Mts. the feldspar is anorthite. The only constant 
associate of corundum is biotite. 

B.— Classification and Nomenclature 

The method of subdivision is strictly parallel to that used 
for the saturated.rocks. The difficulty of nomenclature is greater 
than usual, because for some reason that is hard to under¬ 
stand the presence of olivine in a rock has seldom been indicated 
by a distinctive name. It is true that in Zirkel’s time the 
name basalt implied the presence of olivine, and if one wished 
to indicate that a basaltic rock was olivine-free one had to say 
so in these words, or else call it augite-andesite; but this rule 
has been abandoned in English-speaking countries. Basanite 
remains one of the very few names that definitely imply the 
presence of olivine; peridotite is another and troctolite is a 
third, but the latter rock seems to have received its name more 
on account of its curious appearance than for any mineralogical 



424 


ERUPTIVE ROCKS 


reason. This neglect to mark the appearance of olivine in rocks 
by a change of name is astonishing when one considers how 
gabbro has been split up on the slenderest of mineralogical or 
textural grounds into norite, ossipite, hyperite, anorthosite, 
eucrite, gabbrodiorite, essexite, diabase, picrite, belugite, 
tilaite, and so on. Not one of these names indicates anything 
half so important as the crossing of a phase boundary. 

To make the position still more remarkable, the extreniely 
rare melilite rocks have received no less than 17 specific names 
(not counting compound names); and the decidedly uncommon 
leucite rocks have at least 34 such names (including four new 
names given quite recently); yet the supremely important and 
chemically distinct olivine-bearing rocks are treated as mere 
“varieties” of gabbro, norite, diabase and basalt, unworthy 
of distinctive names, and eminent petrographers have subscribed 
to the opinion that the appearance of olivine in a rock is not 
especially deserving of notice. 

There is need of a complete series of names to distinguish 
the olivine-bearing rocks from those that are free from olivine, 
just as basanite has always been distinguished from tephrite. 
One would like to see the world-wide olivine-basalt magma 
distinguished from the olivine-free basalt of the continental 
shields by a name that would recall the dominance of olivine- 
basalt in the great ocean basins; unfortunately pacificite and 
oceanite have already been given to mere varieties, and atlantite 
to a nepheline-bearing lava. Alternatively, one might restore 
the original meaning of basalt, and use the already fairly 
familiar tholeiite for the olivine-free type. But even if petro- 
logists could be induced to make this small change it would not 
be enough; we should still be in need of names for the olivine¬ 
bearing equivalents of gabbro, diorite, shonkinite, andesite and 
trachyte at least. There would be the fullest justification for 
introducing such names—but nobody would use them. The 
writer has therefore followed the simple plan of adding the 
prefix sub- to the name of any saturated rock, in order to indi¬ 
cate the presence of an unsaturated mineral of the group we 
are now discussing. The broad classification of these rocks 
proceeds then as follows 
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Or>An 

An>Or 


Or>An 

An>Or 


j Or>-Ab 
{Ab>Or 

f Ab>-An 
I An>-Ab 


( Or>«Ab 
t Ab>Or 
I Ab>-An 

1 An>Ab 


Eucrystalline Rocks 
l^eucocratic 
Potash sub-syenite 
Soda sub-syenite 

Soda sub-diorite 
Lime sub-diorite 

Dyscrystalline Rocks 


Mesotype-Melanocratic 

Sub-shonkinite 

Sub-monzonite 

Soda sub-gabbro 
Lime sub-gabbro 
Hypermelanic 
Peridotite 


Leucocratic M esotype^Melanocratic 

Potash sub-trachyte (No distinctive name) 

Soda sub-trachyte (No distinctive name) 

Soda sub-andesite Soda sub-basalt 

Lime sub-andesite Lime sub-basalt 

Hypermelanic 
Melilite-basalt 
Kimberlite 


It is to be remembered that these awkward hyphenated 
names are group-names; they are not intended for application 
to individual rocks. 


C.— Sub-Syenite, xvau, xvjSL 
Per aluminous Type 

The corundum-syenites and pegmatites of Ontario have as 
their feldspar a microperthite in which albite is in excess of 
orthoclase. The only constant dark minerals, besides corun¬ 
dum, are large plates of biotite or muscovite. Corundum is 
variable in amount, but locally it makes up as much as 75 per 
cent of the rock, and individual corundum crystals sometimes 
weigh more than thirty pounds (A, E. Barlow). The corun¬ 
dum pegmatites are intersected by quartz feldspar-pegmatites 
which hold no corundum. 

The corundum rocks of the Ilmen Mountains, Russia, are 
very similar to those of Ontario. The syenite of Nikolskaia 
Ssopka contains a microperthite in which albite slightly exceeds 
orthoclase. The corundum is in short, blue prisms; in one 
example analyzed by Morozewicz, corundum made up 18*5 per 
cent of the rock, and the only other heavy minerals present are 
a little biotite and some secondary white mica. At Sseljankina 
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the rock holds a good deal of biotite; and in the corundum 
pegmatites of the Borsowka River there are traces of rutile, 
apatite and zircon. 

In the corundum syenite of Coimbatore, Madras, the same 
mineralogical characters are repeated. T. H. Holland 
reports biotite, muscovite, apatite, zircon, spinel, chrysoberyl 
and pyrope as accessory constituents of a rock otherwise com¬ 
posed of microperthite and corundum. 

Metaluminous and Subaluminous Types 

The appearance of olivine in a syenitic rock is generally 
accompanied by such an increase in the colour index that the 
rock becomes either shonkinite or monzonite. Examples will 
be found under these heads. 

J. J. O’Neill has described a local facies of the essexite of 
St. Hilaire Mountain, Quebec, which holds over 70 per cent of 
soda-orthoclase, together with olivine, brown hornblende, bio¬ 
tite, apatite and iron ore, in that order of abundance. 

A. Rittmann has recorded a hornblende-melanite syenite- 
porphyry, and a similar rock with augite instead of hornblende, 
among the ejected blocks of Mte. Somma. The modes are as 
follows:— 


sanidine .. 

(1) 

... 71 

<2i 

67 

plagioclase . 

... 9 

12 

biotite .. 

... 3 

— 

hornblende . 

... 13 

1 

augite . 

... — 

16 

melanite . 

... 3 

2 

rest . 

... 1 

3 

Colour index ... 

.... (20) 

(22) 


Peralkaline Type 

This type is represented by a very few examples of 
melanite-syenite. Most rocks of this mineralogical character 
are mesotype or melanocratic and fall under shonkinite rather 
than syenite. 

P. Eskola has described syenitic rocks with a considerable 
content of deep brown garnet (andradite or melanite) at Sviatoy 
Noss in Transbaikalia. The calculated composition of two of 
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these rocks is given below. Eskola states that “ no quartz was 
detected under the microscope in spite of much search with 
convergent light.** 


orthoclase . 24-8 

albite . 41-5 

anorthite . 3-2 

soda-diopside . 17*1 

andradite . 9 0 

rest . 3-4 

Colour index . (30) 


( 2 ) 

3M 

37*7 

10-8 

3-7 

10-2 


2-4 

(18) 


Melanite syenite has been recorded at several points in the 
limestone districts of Assynt, Scotland. At Loch Borolan it 
forms a transition rock between quartz-bearing syenites and 
nepheline-syenite, and the melanite is associated with biotite 
(S. J. S., 1); near Loch Ailsh, J. Phemister has found another 
variety consisting of soda-rich microperthite, aegirine and 
melanite. 


D.—Sub-Trachyte. DVa, dv)8 
The few rocks that fall into this group are more commonly 
mesotype than leucocratic, and nearly all are subaluminous. 

The iron-olivine, fayalite, is not uncommon in rhyolite 
and trachyte; it occurs pretty constantly in the quartz-trachytes 
of Kenya, for instance; but magnesian olivine also occurs in 
some quartz-free trachytes. The presence of occasional grains 
of olivine in the trachytes of the Auvergne was recorded by 
Zirkel and by Rosenbusch, and the following proportions were 
found by the writer (S. J. S., 2) in a trachyte of Mont Dore : — 



Insets 

Groundmass 

soda-potash feldspar . 

. 16 

49 

diopside . 

. 2-8 

20 

olivine . 

. 2 

— 

iron-ore . 

. — 

9 

apatite, biotite . 

. -5 

•7 

Colour index . 

. (36) 



The olivine in this case is not fayalite but a normal mag¬ 
nesian olivine. 

The “ ciminite*’ of Monte Cimino, Italy, as described by 
H. S. Washington, shows the association of a not very sodic 
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orthoclase (OfioAbs) with a decidedly calcic plagioclase 
(Ab,Ana), but the bulk composition of the feldspar is such as 
to place the rock in the trachyte division. The mode is:— 


soda-orthoclase .... 
plagioclase . 

. 60*7 

.... 131 

olivine . 

magnetite, apatite ... 

.. 11-2 
1*8 

augite .. 

. 23*2 

Colour index . 

.. (36) 


An “ oligoclase andesite ** of Kohala, Hawaii, contains so 
much alkali-feldspar that it is better described as an olivine 
soda-trachyte (soda sub-trachyte). T. F. W. Barth has given 
the following mode;— 


alkali-feldspar . 39*0 

plagioclase . 30*0 

pyroxene . 14*8 

olivine . 7*4 

ore . 7*2 

apatite . 3*0 

Colour index . (32) 


The lavas described by H. H. Thomas as “ marloesite” 
and “skomerite” are soda-rich olivine-trachytes, sometimes 
with and sometimes without hornblende. The “kaiwekite” 
of New Zealand (P. Marshall) and the “macedonite” of Vic¬ 
toria (Skeats and Summers) are rocks of similar character. 

The common “ minette ” or “mica-trap** may be de¬ 
scribed as a melanic dyke-trachyte. L. V. Pirsson has described 
such rocks in Montana, and the following modes refer to 
minettes of Yogo Peak (1) and the Highwood Mountains (2) 



(1) 

{») 

alkali-feldspar . 

. 25 

39-2 

andesine . 

. 10 

— 

biotite . 

. 18 

16-8 

pyroxene . 

. 35 

29-3 

olivine . 

. 7 

7-6 

rest . 

. 5 

81 

Colour index . 

.(66) 

(61) 


R. A. Daly shows that the shonkinite of Christina Lake, 
B.C. (page 429), has almost exactly the same chemical composi¬ 
tion as the average minette of that region, and suspects that 
both were formed from the same magma. 
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An example of melanite trachyte, containing a soda-bearing 
pyroxene and therefore peralkaline, was recorded by J. D. 
Mackenzie among the Crowsnest volcanics in Alberta, Canada. 

E.—SuB-ShONKINITE, SuB-MoNZONITE. XVaM, XV^M 
The original shonkinite of the Highwood Mts., Montana, 
is largely olivine-shonkinite. J. D. Barksdale has given a 
number of modes which show the following range of composi¬ 


tion :— 

feldspar, zeolites . 29 to 63 

biotite . 11 to 22 

augite . 20 to 60 

olivine . 1 to 10 

rest . 2 to 6 

Colour index . (47 to 71) 


The feldspar in this rock contains much more potash than soda. 

A typical mode given by L. V. Pirsson for the shonkinite 
of Middle Peak is given in column 1, below. Beside it is the 
mode of a shonkinite from Spanish Peaks, Colorado, by A. 
Knopf. In both rocks potash predominates largely over soda. 


soda-orthoclase .. 


(1) 

... 63-2 

63-7 

biotite . 


... 40 

11*6 

augite . 


... 32-3 

24*8 

olivine . 


... 1*7 

6-4 

ore and apatite ... 


... 8-8 

4-6 

Colour index .... 


... (47) 

(46) 

The olivine-shonkinite 

recorded by Anderson and Kirk- 

ham in south-eastern Idaho is more melanic, as the following 

modes show, but the feldspar is 

still dominantly potassic :— 


(1) 

(2) 

(3) (4) 

orthoclase . 

36 

30 

40 32 

andesine . 

6 

10 

8 2 

biotite . 

6 

12 

12 16 

diopside . 

42 

30 

20 42 

olivine . 

10 

16 

20 8 

magnetite, etc. 

4 

3 

2 2 

Colour index . 

■{60) 

(60) 

(64) (66) 


A mesotype olivine-shonkinite was described by R. A. 
Daly at Christina Lake and other points in British Columbia. 
It is a coarse grained, dark grey rock composed of soda-ortho- 
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clase, labradoritei diopside, olivine, and large foils of dark 
green biotite. The mode is:— 


soda-orthoclase .... 

.... 461 

olivine ..,. 

.... 10-7 

labradorite . 

. 10-6 

magnetite . 

.... 3-6 

biotite . 

. 6-2 

apatite . 

.... 0.4 

diopside . 

. 24-5 

Colour index . 

.... (44) 


in spite of the presence of plagioclase in appreciable quan¬ 
tity, orthoclase still exceeds albite in the feldspar. With 
further increase in the content of plagioclase at the expense of 
orthoclase, olivine-shonkinite becomes olivine-monzonite. W. 
B. Brogger describes an olivine-monzonite at Smalingen, 
Sweden, which has the following composition :— 

orthoclase . 20 biotite . 6 

andesine . 33 magnetite . 3 

pyroxene . 26 apatite, etc. 1 

olivine . 12 Colour index .(47) 

A similar type of rock occurs at Kentallen and a few other 
places in Scotland, and has received the name of ** kental- 
lenite.” According to J. J. H. Teall, the Kentallen rock is 
composed of olivine and augite, embedded in a groundmass of 
biotite, plagioclase and orthoclase, the last two approximately 
equal in quantity. 

W. E. Troger gives the following mode for the original 
kentallenite:—orthoclase 22, plagioclase (An,*) 20, biotite 10, 
augite 24, olivine 22, rest 2; colour index 58. Chemical analy¬ 
sis shows that the proportions of Or and Ab are almost equal. 

Both olivine-shonkinite and olivine-monzonite are de¬ 
scribed by I. A. Brown, at Mount Dromedary, New South 
Wales. The normative composition of the monzonite is ortho¬ 
clase 19*5, albite 16*2, anorthite 27*8, pyroxene 24, olivine 5*7, 
rest 4*9. Some of the potash which enters normative orthoclase 
is actually present in the form of biotite, so orthoclase and 
albite must be nearly equal as in kentallenite. 

Shonkinitic rocks containing a lime-garnet occur at Pooh- 
bah Lake, Ontario, in association with nepheline-bearing 
rocks. A. C. Lawson gave the name “malignite” to the 
entire series, but the writer thinks it preferable to use the older 
name shonkinite for the varieties that lack nepheline. One 
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of these garnet-bearing shonkinites has the following very 
unusual composition (S. j. S., 6):— 


potash-feldspar . 39 

diopside (including a little biotite and apatite) . 64 

garnet (andradite) . 4 

sphene . 3 

Colour index . (61) 


F.— Sub-Diorite, Sub-Anorthosite. xvyL, xv8l 
Peraluminous Type 

The “ plumasite** of Plumas Co., California, as described 
by A. C. Lawson, is a corundum-oligoclase rock, the propor¬ 
tions of these minerals being, in a typical instance, oligoclase 
83, corundum 16. Chemical analysis of the rock shows that no 
orthoclase is present at all. 

A rock described by Adams and Barlow under the name 
of “ dungannonite ” is virtually the same as Lawson’s plumas- 
ite. It consists of plagioclase ranging from albite to andesine, 
which makes up 75 to 95 per cent of the rock, together with 
corundum, biotite, muscovite, calcite, magnetite and scapolite. 
Nepheline is sometimes present in addition, taking the rock 
over to the feldspathoidal division of the undersaturated rocks. 

The corundum pegmatites of the Transvaal are also similar 
to the plumasite of California. As described by A. L. Hall, 
they consist of plagioclase which varies from oligoclase to 
andesine (and is apparently free from potash, according to the 
analyses available), together with gray corundum and some 
biotite. Margafite and gibbsite are secondary products. The 
proportion of corundum is variable, but in an average specimen 
of reef Hall found it to be 49 per cent by weight, which is equal 
to 30 per cent, by volume. 

Metaluminous and Subaluminous Types 

The “essexite” of Brome Mountain, Quebec, was de¬ 
scribed by J. A. Dresser; it consists, to the extent of about 90 
per cent, of labradorite or bytownite, with a little microperthite. 
The dark constituents are hornblende, augite, biotite, olivine, 
sphene, apatite and magnetite. 
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The subaluminous type is very common. We saw in 
Chapter XV that a certain proportion of the norite of 
Sudbury is leucocratic and falls therefore into the systematic 
pigeon-hole called lime-diorite. Similarly a good deal of cer¬ 
tain well-known bodies of olivine-gabbro and olivine-norite 
falls into lime sub-diorite in this system. This does not mean 
that the writer wishes to hear—let us say—the Duluth gabbro 
described in future as the “ Duluth lime sub-diorite.” It only 
means that for the purpose of exact classification the more 
feldspathic gabbros are joined to the anorthosites rather than 
to the melanic gabbros. There has always been a boundary 
between ” gabbro” and ” anorthosite,” and all that the writer 
seeks to do is to define that hitherto indefinite boundary by the 
colour index 30. In absence of any name that would command 
general acceptance, he has labelled this particular pigeon-hole 
“lime sub-diorite.” 

F. F. Grout has given a large number of measured modes 
of the Duluth gabbro, from which it appears that a good deal 
of this rock is leucocratic and falls into lime sub-diorite. Out 
of 68 modes given by Grout, 17 are of this character; that is 
to say, they show plagioclase in excess of 70 per cent, with 6 
to 15 per cent of olivine, about the same of augite, and a little 
ore. 

The olivine-norite of Sierra Leone also has such leucocratic 
facies. A chemical analysis furnished by F. Dixey shows only 
26 per cent of femic minerals in the norm, and a micrometric 
analysis by the writer gave the following result: labradorite 74, 
olivine 14, pyroxene 7, magnetite 2*3; colour index 25. 

A. Harker has given the modes of some gabbros and 
dolerites of the island of Skye, and it appears that these, too, 
fall within the sub-diorite group of our system. A gabbro of 
the Cuillin Hills gave 80 per cent (by weight) of labradorite; 
16 of augite and olivine; 2 of ortho-pyroxene, and 2 of mag¬ 
netite. A dolerite near Portree was found to hold roughly 77 
per cent of labradorite, 11 of augite, and 12 of olivine and 
accessory minerals. 

G.— Sub-Andesite, dv^l, dvJl 

We have seen that olivine-gabbro is frequently leucocratic; 
the Sudbury gabbro^ for instance, has facies which are olivine 
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bearing and yet contain over 90 per cent of feldspar; but a 
leucocratic olivine-basalt is a very uncommon thing. T. F. W. 
Barth reports that such rocks are non-existent in the Pacific 
basin, the nearest approach to this type of rock being an 
“ olivine-oligoclase-andesite’* described by H. S. Washington 
from Kohala, Hawaii. Judged by the norm this rock must 
have a colour index of about 33, so it is just excluded from the 
group. One or two “ andesine-andesites ” from Etna, which 
have been described by Washington, Aurousseau and Keyes, 
must have a colour index close to 30. 

The writer has described a feldspar-rich basalt at Kijabe, 
Kenya, which has a colour index as low as 25. The mode is 
approximately: — 

plagioclase f lusets . 

® (groundmass 

zeolites . 

augite . 

olivine . 

iron-ore . 

apatite . 

This rock has undoubtedly been enriched with plagioclase 
either by gas-flotation or by gravity-flotation (S. J. S., 3). In 
this respect it resembles the anorthosites, so it is right that it 
should fall into the same pigeon-hole in the classification. 

Basaltic lavas with an exceptionally large content of large 
feldspar insets have been recorded elsewhere; for instance, the 
“big feldspar basalts “ of Mull, Scotland; but quantitative 
data are lacking. 

The “ Markle “ type of basalt, well known in the midlands 
of Scotland, is a highly feldspathic olivine-basalt. Judged by 
the only available chemical analysis the original rock from 
Markle Quarry, East Lothian, must have about 80 per cent of 
plagioclase containing slightly more albite than anorthite. 

Some of the “ mugearite “ or oligoclase-basalt of Scotland 
is also highly feldspathic. An example described by A. Harker 
has the following composition orthoclase 12-5, oligoclase 
57-6, olivine with subordinate augite and ore 26*5; apatite 3*5; 
colour index 30 (by weight). A. G. MacGregor issues a warn- 
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ing that rocks similar to mugearite may be produced by the 
albitization of normal basalts. 

The lavas of Pembrokeshire to which H. H. Thomas gave 
the name “ marloesite** fall partly into this group. The feld¬ 
spar is albite-oligoclase and the colour index may be as low 
as 15. 


H.—Sub-Gabbro. XVyM, xv8m. 

Peraluminous Type 

This type is represented by the “ kyschtymite ” or corun¬ 
dum-anorthosite of the Ilmen Mountains in Russia. J. 
Morozewicz gives the following data for an example of this 
rock:—^anorthite 38, biotite 10, corundum 47*5, spinel 3 to 4; 
colour index 62. The order of crystallization was zircon^ 
spinel, corundum, anorthite, biotite. 


Metaluminous Type 

The essexites of Norway, widely known through the work 
of W. C. Brogger, are examples of metaluminous sub-gabbro. 
T. F. W. Barth (4) has furnished a number of modes of these 
rocks (which he calls Oslo-essexite, to avoid confusion with 
other rocks to which the name essexite has been given). The 
range of composition is as follows:— 


quartz . 0 to 2 

alkali-feldspar . 5 to 22 

plagioclase . 25 to 57 

biotite . 3 to 14 


hornblende . 0 to 3 

olivine . 3 to 11 

ore, apatite . 4 to 10 


Colour index... (30) to (60) 


A rock that A. Knopf has called “ alkali-gabbro,” occur¬ 
ring at Huerfano Butte, Colorado, is very similar to these 
Norwegian essexites:— 


Potash feldspar . 6 

Labradorite . 4T2 

Biotite . 12-3 


Augite . 27'8 

Olivine . 6*5 

Ore, etc. 6-2 

Colour index . (52) 


T. F. W. Barth (2) has described a number of hornblende- 
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olivine gabbros in Seiland, Norway. The following modes are 
typical:— 


Plagioclase (An 45-60) ... 

(1) 

... 60 

(2) 

50 

(8) 

20 

Hornblende . 

... 5 

20 

25 

Augite . 

... 6 

15 

20 

Ortho-pyroxene . 

... B 

5 

15 

Olivine . 

... 15 

5 

15 

Spinel . 

... 5 

— 

— 

Colour index . 

.... (35) 

(50) 

(75) 


The same type of rock has been described by C. O. Hutton 
at Lake Wakatipu, New Zealand. 

Subaluminous Type 

The feldspar in these rocks is generally a calcic variety. A 
rock in which albite exceeds anorthite is the dolerite of the 
Prospect intrusion, near Sydney, New South Wales. This 
rock holds plagioclase of variable composition, but the mean is 
Ab 4 An 3 . The mode is given as follows by Jevons and col¬ 
leagues :— 

plagioclase . 36 ilmenite and magnetite... 13 

titanaugite . 36 accessory and secondary 6 

olivine . 10 Colour index . (64) 

In the majority of cases the feldspar is labradorite to bytownite. 
The olivine gabbro of Pigeon Point, Minnesota, has the fol¬ 
lowing composition, according to W. S. Bayley :— 

labradorite (Ab,An^) ... 60 augite . 27 

olivine .. 10 apatite, etc. 3 

Colour index .(40) 

In the olivine-gabbro of Duluth, Minnesota, the composi¬ 
tion of the feldspar does not vary much from AbiAnj. according 
to F. F. Grout. The normal proportion of olivine is about 20 
per cent; augite about the same amount; and ore about 10 per 
cent The plagioclase in the olivine-diabase of the Palisades, 
New Jersey, is also about Ab^Ana (F. Walker), and the com¬ 
position of this rock is on the average plagioclase 33, pyroxene 
40, olivine 22, rest 6; colour index 67. 

The plagioclase in the gabbro of Tutuila, Samoa, has the 
composition AbaAny, according to R. A. Daly, and the rock 
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cx>ntains plagioclase 45, augite 24, olivine 25, ore and apatite 
6*7; colour index 55. 

A still more calcic feldspar (AbiAnj) was recorded by J. E. 
Pogue in aa olivine-diabase in North Carolina. This rock 
holds plagioclase 46, augite 35, olivine 17, ore 2; colour index 
54. 

The plagioclase crystals in these rocks so commonly have 
a zonal structure that it is difficult to establish their average 
composition without chemical analysis. D. L. Scholtz ob¬ 
serves that in the Insizwa norite of South Africa the composi¬ 
tion of the plagioclase changes according to the abundance of 
olivine, labradorite in the normal norite becoming bytownite 
in the olivine-rich troctolite phase. The mean composition of 
the Insizwa norite, according to Scholtz’ data, is about plagio¬ 
clase 46, ortho-pyroxene 17, clino-pyroxene 15, olivine 19, rest 
3; colour index 54. 

The name “eucrite” is sometimes given to gabbros in 
which the feldspar approaches pure anorthite in composition. 
The ** allivalite ” of A. Harker is an anorthite-olivine rock of 
which anorthite constitutes half or more; and “ harrisite ” is 
the complementary type in which olivine prep>onderates. Such 
rocks are well developed in the islands of Rum and Mull, Scot¬ 
land, and they differ from eucrite only by the virtual absence 
of pyroxene. Picotite or chromite is a common accessory con¬ 
stituent. 

Melanocratic varieties of olivine-gabbro receive the name 
of picrite. F. Walker has shown that the accumulation of 
olivine crystals towards the base of a thick dolerite sill in the 
Shiant Isles, west of Scotland, has generated a picrite with the 
following composition :—plagioclase 26, augite 10, olivine 59, 
ore and zeolites 5; colour index 71. D. L. Scholtz has de¬ 
scribed a similar phenomenon at the base of the Insizwa sheet 
and gives the following representative modes :— 


plagioclase . 

11) 

... 26*8 

(2) 

180 

(3) 

10-2 

ortho-pyroxene .... 

... 140 

110 

4-6 

clino-pyroxene . 

... 7-8 

6-2 

31 

olivine . 

... 49-4 

63-9 

800 

Colour index . 

.... (73) 

(82) 

(90) 
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An extremely melanocratic type, which is almost a perido- 
tite, is the “ cumberlandite ” of Rhode Island, described by 
Warren and Powers. This rock contains 30 per cent of iron, 
and was once mined for use as an iron ore. The mode is:— 

labradorite . 10 magnetite . 18 

olivine (rich in iron) . 40 ilmenite . 20 

serpentine, etc. 9 spinel . 3 

Colour index .(90) 

The name “ ferrogabbro ” was applied by Wager and 
Deer to some remarkable rocks of the Skaergaard intrusion, 
E. Greenland. These consist of an intermediate plagioclase, 
together with a very iron-rich olivine (from 56 to 100 per cent 
fayalite) and an iron-rich clinopyroxene (from 45 to 70 per 
cent ferrosilite). 


I.— Sub-Basalt. DVyM, dySm 
Meialuminous Type 

Lavas of this type seem to be scarce. V. M. Goldschmidt 
has described lavas of N.W. Spitzbergen which hold soda- 
plagioclase (AbaAn) together with titanaugite, olivine, ensta- 
tite, brown hornblende of late crystallization, ore and glass. 
These lavas are remarkable on account of the abundant nodules 
of enstatite, olivine, diopside and spinel which they carry. 

The original “ camptonite of Campton, New Hampshire, 
falls in this type. W. E. Troger gives the mode as follows:— 
zoned plagioclase 47, brown hornblende 10, titanaugite 31, 
olivine 9, rest 3 ; colour index 53. For another camptonite at 
Lausitz, Saxony, Troger gives this mode:—zoned plagioclase 
(average Abas) 40, hornblende 19, titanaugite 24, olivine 9. 
ore and apatite 8; colour index 60. 

Subaluminous Type 

Olivine soda-basalt is a fairly common type. It includes 
rocks that have been called andesine-basalt, kauaiite, kohalaite. 
T. F. W. Barth has given the modes of a number of these 
rocks from the Hawaiian islands. They have the appearance 
of normal basalts, with insets of olivine and sometimes of 
plagioclase, but most of them contain some interstitial alkali- 
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feldspar and there may be a little residual glass. The following 
modes are typical:— 


alkali-feldspar . 

. 


plagidclase . 

. 41 

42 

pyroxene . 

. 22 

29 

olivine . 

. io 

2 

ore . 

. 8 

11 

apatite . 

. 2 

1 

Col6ur index .. 

.(«) 

(43) 


In the first of these rocks the normative feldspar has the com¬ 
position Or 8, Ab 34, An 19; in the second, Or 6, Ab 36, An 
17. 

Normal olivine-basalt with An>Ab is such a common rock 
that there is no lack of modes. Most of these rocks, when fresh, 
contain only the four minerals plagioclase, augite, olivine, and 
iron ore, with a little apatite. An average computed from 60 
published modes gives the following result:—^plagioclase 48, 
augite 29, olivine 15, ore 8; colour index 52. Excellent descrip¬ 
tions of oceanic basalts have been given especially by Cross and 
Washington for Hawaii, by A. Lacroix for southern Polynesia, 
and a most useful summary of all that is known of the composi¬ 
tion of Pacific lav^s by T. F. W. Barth. 

The proportions of the constituent minerals vary consider¬ 
ably. Examples of ultra-feldspathic basalts have already been 
given (page 433). Basalts with an exceptionally large content 
of olivine have been recorded in Hawaii by Daly; in Antrim, 
Ireland, by S. I. Tomkeieff; and in Juan Fernandez by P. D. 
Quensel, the modes being given in that order:— 


plagioclase . 


(2) 

(3) 

.... 36-7 

33-2 

23 

pyroxene . 

.... 270 

17-6 

27 

olivine . 

.... 320 

35*3 

45 

ore, apatite . 

.... 5-3 

41 

5 

chlorite, zeolites . 

... — 

9-6 

— 

Colour index. 

.... (64) 

(66) 

(77) 


Quensel has given the name picrite-basalt to these olivine-rich 
rocks; others have called them chrysophyric basalt. 

The pyroxene content is also highly variable. The Abys¬ 
sinian basalt named “ tok4ite ” by Duparc and Molly holds 60 
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per cent of augite, and the so-called “ augitites of Kenya hold 
some 60 per cent (S. J. S., 3). The “oceanite** of Reunion, 
named and described by A. Lacroix, contains according to 
Trdger’s measurements 40 per cent of titanaugite and 34 per 
cent of olivine, with a colour index of 80. All these melano- 
cratic rocks are abnormal varieties produced by the accumula¬ 
tion of early-formed crystals under the influence of gravity or 
convection currents. 

When the norm of a basalt or olivine-basalt is computed 
from a chemical analysis, it sometimes happens that a little 
nepheline appears in the norm although no trace of any feld- 
spathoid can be detected in the rock. If this was a rare occur¬ 
rence one might put it down to analytical errors, soda and 
alumina being more subject to error than any other rock con¬ 
stituents; but the same curious result has been got by many 
different analysts. The assumption has been made that the 
molecule of soda-anorthite,** Na^AlaSiaOj, is present in the 
plagioclase, or in other words that a certain number of atoms of 
Ca have been replaced by Naa in the plagioclase structure. For 
lavas showing this peculiarity T. F. W. Barth has proposed 
the name “pacificite” although they are not restricted to the 
Pacific or even to the ocean basins. 

J.— Peridotite and Other Hypermelanic Rocks, xvh 

The most general name for a rock composed almost wholly 
of dark minerals, including olivine, is peridotite; when the 
olivine is unaccompanied by other silicates (except in trivial 
quantity) the name dunite is used. There is no general name 
for melilite rocks, but the only known example of a melilite- 
pyroxenite has received the name uncompahgrite. Pyroxenites 
which carry an unsaturated garnet (usu^ly melanite) are very 
uncommon rocks; the name cromaltite has been given to a 
rock of this type in the north of Scotland, which is a product 
of reaction between alkaline magma and limestone. 

Metaluminous Type 

H. S. Washington has described a hornblende-rich perido¬ 
tite at Bahia, Brazil, with the following simple composition :— 
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hornblende . 91*3 

olivine . 3*6 

magnetite . 5*1 


In the hornblende-peridotite of Plumas Co., California, 
described by H. W. Turner, hornblende is quite subordinate to 
olivine. This rock holds:— 

olivine . 46 hornblende . 19.6 

serpentine . 33 magnetite . 1*4 

A mica-rich peridotite, which is comparable with the 
micaceous type of kimberlite, is described in Arkansas by Miser 
and Ross. The mode is :— 

phlogopite . 56 augite . 6 

olivine perovskite . 1 

serpentine . magnetite . 2 

Mica is also a large constituent of the “ scyelite ” which 
was described by J. W. Judd in Caithness, Scotland. It con¬ 
tains :— 

hornblende . 68*6 serpentinized olivine .... 22 

mica . 18*6 magnetite, etc . 1 

In the next four examples, pyroxene is an important con¬ 
stituent in addition to hornblende or mica. The first is a peri¬ 
dotite of Tanganyika, East Africa, described by R. J. 
Bridges: — 

biotite . 17 olivine . 16 

hornblende . 37 magnetite . 2 

augite . 28 

G. Tyrrell describes a metaluminous peridotite near 
Ayr, Scotland, which has the following mode: — 

olivine . 66*2 biotite . 2*0 

titanaugite . 20*6 ore . 2*3 

hornblende . 10*0 

A hypersthene-bcaring example is described by H. S. 
Washington at Bahia, Brazil; it forms the outer facies of an 
intrusive body, the core of which is the hornblende peridotite 
described above^. The mode is:— 
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hornblende . 29-6 olivine . 7*6 

hypersthene . 69*4 spinel . 3*6 

The “ yamaskite ** of Rougemont, Quebec, is a pyroxene- 
rich peridotite with a small content of anorthite. J. J. O’Neill 


gives the following 

statement 

of the composition of 

yama- 

skite:— 

anorthite . 

61 

hornblende . 

8-8 

augite . 

. 70-7 

biotite . 

0-6 

olivine . 

. 13-4 

ore . 

0-6 


In a pyroxenite described by Cross and Larsen at Iron 
Hill, Colorado, the only unsaturated mineral is perovskite. 
The proportions are pyroxene 76, biotite 10, perovskite 5, 
apatite 5, magnetite 5. 

Rocks which contain melilite, with or without olivine (and 
of course without feldspar or feldspathoid) have their place 
here. The most remarkable of these rocks is the “uncom- 
pahgrite” of E. S. Larsen and J. F. Hunter, from Gunnison 
Co., Colorado. This is a coarse-grained rock, about two-thirds 
of which is melilite. Crystals and grains of pyroxene, mag¬ 
netite, perovskite, apatite, biotite, and calcite are enclosed in 
large crystals of melilite which are sometimes as much as a foot 
in diameter. The second mineral, as regards abundance, is 
generally perovskite. The melilite crystals alter into a fine¬ 
grained aggregate of garnet, diopside, and vesuvianite. This 
is one of the very few eucrystalline rocks which contain melilite. 

Subaluminous Type 

These rocks consist largely of olivine and various 
pyroxenes, mica and hornblende being either absent or present 
only in trivial amount. The typical “ dunite ** of Dun Moun¬ 
tain, New Zealand, is almost a pure olivine rock, grains of 
chrome spinel and rare crystals of diopside being the only 
other constituents (Bell, Clarke and Marshall). It is asso¬ 
ciated with various pyroxene-bearing peridotites and with 
pyroxenites. 

A remarkable porphyritic dunite has been described by A. 
Harker, in the island of Skye. It has large crystals of olivine 
set in a groundmass of smaller olivine grains and octahedrons 
of picotite (chrome-spinel). Another dunite of very simple 
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composition is recorded by T. F. W. Barth at Seiland, Nor¬ 
way; it contains 88 parts of olivine and 11 of spinel, with a 
mere trace of pyroxene. 

Olivine rocks are often rich in oxidic or sulphidic ores. 
M. K. Palmunen describes an “ ilmenite-magnetite olivinite*^ 
at Susimaki, Finland, which carries a third of its weight of iron 
oxides. The olivine is itself richer than usual in iron, being 
about Fo 35 Fa 4 fl, and a little brown hornblende is present. The 
mode is:— 

olivine . 60*3 (by weight) ilmenite | 

hornblende 3*0 magnetite J. 

spinel . 0*2 sulphides . 0*2 

A pyrrhotite-peridotite has been described by E. S. Bastin in 
Knox Co., Maine. It holds 60 per cent of olivine, 22*6 per cent 
of pyrrhotite, 10 per cent of magnetite, and small quantities ot 
labradorite, hornblende, biotite, spinel and copper pyrites. 

An unusual variety of peridotite or dunite is found in the 
Transvaal, in addition to the ordinary magnesian kind. This 
rock is dark brown in colour and remarkably dense, owing to 
the high iron-content of the olivine which has approximately 
the composition Fo^Fa^. P. A. Wagner gives the following 
mode:— 

olivine (Fo^FaJ . 93*2 hornblende . 1*6 

diopside . 6*0 ore . 0*3 

Perhaps the commonest type of peridotite is that which 
contains ortho-pyroxene along with olivine; the name “harz- 
burgite ** is given to such rocks. Harzburgite forms a facies of 
nearly every important body of olivine rocks, such as Dun 
Mountain, New Zealand; the Great Dyke of Rhodesia; the Ser¬ 
pentine Belt of New South Wales; and the peridotites of the 
Ural Mountains. A harzburgite from the Bushveld complex, 
Transvaal, has the following composition (P. A. Wagner);— 
plagioclase 6, diopside 4, bronzite 32, olivine 47, chromite 5, 
iron ore 7. 

The Lherz type, or Iherzolite, contains both ortho-pyroxene 
and diallage. W. E. Troger gives the following data for the 
original Iherzolite of the Pyrenees;—olivine 60, bronzite 32, 
diallage 15, ore 3. 
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Peralkaline Tyfe 

Two examples of melanite-pyroxenite may be quoted here. 
The first occurs in Assynt, Scotland, and was described under 
the name of ** cromaltite ” (S. J. S., 2); the second is a mar¬ 
ginal facies of the Ice River alkaline complex in British Colum¬ 
bia (J. A. Allan). The modes are:— 


soda-diopside . 

(1) 

. 51-9 

% 

melanite . 

. 15-6 

5 

biotite . 

. 16-5 

— 

sphene . 

. — 

15 

ore . 

. 5*2 

5 

apatite . 

. 

10 

rest .. 

. 6*6; 


K.—Melilite-Basalt, Kimberlite, dvh 
Dyscrystalline rocks corresponding to peridotite are little 
known; the nearest are the melilite-basalts and the dyke-ser¬ 
pentines. The melilite-basalts are dark, heavy rocks like fine¬ 
grained basalt, usually with a shiny surface due to abundant 
grains of ilmenite. Larger crystals of ilmenite and olivine may 
give the rock a porphyritic appearance, and in the variety called 
alnoite there are conspicuous plates of brown mica. Melilite is 
confined to the groundmass, along with augite and perovskite. 
Partial modes of some South African melilite-basalts have been 
furnished by M. S. Taljaard, as follows: — 


m m ( 8 ) 

Olivine . 28S 32-5 31-8 

Augite . 26 0 30-5 27*4 

Melilite . 13-2 14-6 15*2 

Perovskite . 4-0 1*0 5*2 

Iron ore . 9*2 15*2 14*6 

Irresolvable . 190 6*2 6*8 


The alnoite of Alno, Sweden, is a micaceous type of meli- 
lite-basalt which has many insets of biotite, together with 
titanomagnetite, pyroxene, olivine and apatite, in a groundmass 
of mica, melilite and calcite. Perovskite, chromite, pyrrhotite 
and melanite are present in some cases (A. C. Hogbom). The 
rock is very variable in composition, but Troger gives the mode 
of one example as follows:—^melilite 33, biotite 30, augite 17, 
olivine 6, ore, perovskite, carbonates, etc., 15. 
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The alnoite of He Cadieux, Quebec, contains the same 
minerals as the Swedish alnoite, with the addition of scapolite 
and monticellite. N. L. Bowen has given the following 
mode:— 

biotite . 30 (by weight) melilite . 3 

monticellite 26 perovskite, ore . 7 

olivine . 15 carbonates . 6 

augite . 10 

Kimberlite, the “ blue ground ** of the South African 
diamond fields, is usually described as a “ serpentinized por- 
phyritic peridotite,” but it is clear that even in its freshest 
condition it was never a eucrystalline rock. It is a dark 
greenish-black rock which for the most part is obviously a 
breccia; it encloses angular lumps and fragments of shale, dia^ 
base, quartzite, gneiss and granite, also rounded boulders or 
nodules of pyroxenite and garnet-pyroxenite (griquaite). The 
groundmass in which these lie is a scarcely resolvable mixture 
of serpentine and carbonates, with grains of more or less com¬ 
pletely serpentinized olivine, others of pyroxene, garnet, 
ilmenite, perovskite, scales of biotite, and amorphous decom¬ 
position-products. The smaller olivine crystals, the perovskite, 
and the chromite are idiomorphic, but the large olivines, the 
garnets and the pyroxenes are always rounded and have been 
deeply corroded by the magma. It is concluded that the 
pyroxenes and garnets, and perhaps part of the ilmenite and 
olivine, are foreign bodies that have been derived from the 
enclosures of pyroxenite and griquaite; and that the endo¬ 
genous minerals of kimberlite are olivine, serpentine, biotite, 
ilmenite and perovskite (S. J. S., 4). Since these minerals are 
nearly free from lime, and all chemical analyses of kimberlite 
show 16 per cent or more of calcium carbonate, we must con¬ 
clude that in an earlier stage of its history kimberlite contained 
some easily decomposed lime mineral. Considering the asso¬ 
ciated minerals, melilite is at once suggested. No fresh melilite 
has been identified in any South African kimberlite, but C. H. 
Smyth was able to identify it in one of the dyke-peridotites of 
New York State, which are the rocks that most closely re¬ 
semble kimberlite. The conception that kimberlite is a highly 
altered melilite-basalt was first put forward by H. C. Lewis, 
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and it has been supported in a recent study of the question by 
M- S. Taljaard. 
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CHAPTER XXIII 


THE UNDERSATURATED ROCKS 
(FELDSPATHOIDAL DIVISION) 


(DESCRIPTION) 


KEY TO THE CONTENTS OF THIS CHAPTER 


A. —Mineralogy of the Feldspathoidal rocks. 

B. —Classification and Nomenclature. 

C. —Leucite-syenite and related rocks. 

D. —Leucite-phonolite and related rocks. 
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A.—MINERALOGY 

The feldspar that occurs in this group of rocks includes 
every variety from the most potassic microcline, as in certain 
foyaites of the Transvaal, to pure albite, as in the canadite of 
Ontario, and to almost pure anorthite as in some of the leucitic 
lavas of the Roman region. Nepheline and the other soda- 
feldspathoids are associated particularly with soda-orthoclase, 
anorthoclase and albite, and even in the group of nephelino- 
plagioclase rocks the feldspar is not usually more calcic than 
medium labradorite. Leucite may be found in conjunction 
with a purely potassic feldspar, as in the Leucite Hills of 
Wyoming, and sometimes with a more or less sodic orthoclase 
or sanidine, but not with albite or soda-rich plagioclase. When 
leucke occurs together with plagioclase, the latter is always a 
calcic one, from labradorite to anorthite. The explanation 
may lie partly in the relatively low temperature of soda-rich 
magmas and partly in the greater stability of orthoclase than 
of albite when silica is deficient. 

When the proportion of nepheline in a rock is small, the 
mineral crystallizes late and occupies the interstices between 
the feldspar crystals; when it is abundant, nepheline forms 
beautifully idiomorphic crystals which may either be enclosed 
in large feldspar tables or separated from each one another by 
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thin plates of feldspar. Sodalite too may crystallize early and 
appear as little dodecahedrons entirely enclosed in feldspar, or 
it may be interstitial, or again it may form extremely irregular, 
branching masses that seem to replace feldspar. Analcime too 
behaves in this contradictory way, sometimes forming euhedral 
insets, sometimes filling angular interstices between the feld¬ 
spars, and sometimes replacing feldspar. Cancrinite, when it 
is abundant, always replaces nepheline; only in a few instances 
has it been recorded as a primary constituent of rocks. 

Leucite is entirely restricted to lavas and near-surface 
rocks. The missourite of the Highwood Mountains, Montana, 
is often cited as a plutonic rock, but it occurs in a volcanic 
plug and is at most hypabyssal. The leucite-theralite de¬ 
scribed by Bowen and Ellestad, in the Lake Kivu region, is 
also regarded as a remnant of a volcanic plug. In most lavas 
leucite is a mineral of very early crystallization, yet in some 
of the lavas of the Leucite Hills, Wyoming, the only visible 
crystals are of diopside and mica, and the leucite is retained 
in the glass base. 

Orthoclase melts incongruently at about 1170®, giving 
leucite and silica. If a magma rich in orthoclase began to 
crystallize above that temperature and were then chilled 
rapidly, it would give rise to a rock consisting of crystals of 
leucite in a glassy matrix containing an excess of silica. This 
abnormal condition is realized in some of the rocks of the 
Leucite Hills, and the same condition has been observed in 
the newly discovered leucite rocks of the West Kimberley area. 
Western Australia (Wade and Prider). 

In soda-rich rocks the place of leucite is taken by 
“ pseudo-leucite.” This name is given to certain aggregates, 
having the shape of trapezohedral crystals such as those of 
leucite and analcime, which have been found especially in 
hypabyssal rocks of syenitic or foyaitic character. The chief 
constituent of the aggregates is orthoclase, with which there 
may be associated either nepheline, white mica or zeolites. 
To account for the generation of these aggregates it has been 
supposed that a somewhat sodic leucite has broken down 
according to the equation 

2(K,Na)AlSia0e=KAlSi,0, + NaAlSiO* 

(leucite) (orthoclase) (nephdine) 
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But Bowen and Ellestad have thrown doubt upon the existence 
of soda-rich leucite; they claim that potash in leucite is re¬ 
placeable by soda only to a very limited degree, and that for 
the development of pseudo-leucite it is necessary for the leucite 
crystals to react with the residual liquid, which contributes 
the necessary soda, rhey have described a leucitophyre of 
central Africa in which the insets of normal potash-rich leucite 
^KaO 18 d%, Naa.O 1-8%) have developed mantles of orthoclase 
and nepheline, thus clearly demonstrating the action of a 
soda-rich liquid upon the potash-rich crystals. 

H. S. Washington (2) made the suggestion that 
“pseudo-leucite is not a pseudomorph after original leucite, 
but represents a distinct soda-potash mineral, as yet unknown, 
which was not stable under the conditions following its period 
of crystallization.*’ Larsen and Buie have since found a 
potassic variety of analcime (KaO 4J%) in dyke-rocks of the 
Highwood Mountains, Montana, in association with leucite 
rocks; both analcime and leucite are partly transformed into 
orthoclase and zeolites, hence Larsen and Buie conclude that 
pseudo-leucite may be formed “ by the unmixing of either 
soda-rich leucite or potash-rich analcime.” 

A very remarkable example of “pseudo-leucite” was re¬ 
corded by E. Hussak, from Serra de Caldas, Brazil. The 
pseudomorphs have a narrow mantle of orthoclase laths, within 
which they consist of orthoclase and nepheline with a little 
spinel, corundum and pyroxene. They lie in a matrix of 
orthoclase, quartz, and a little biotite or segirine. Quartz is 
never found in the pseudomorphs or nepheline in the g.round- 
mass. Hussak suggests that the rock has been formed by 
granitic magma invading and breaking up a leucitic lava. In 
another rock from the same locality Hussak found both large 
pseudo-leucites of the usual sort and microscopic crystals of 
analcime; he concluded that both are pseudomorphs after 
leucite, but that the large pseudomorphs were formed under 
intratelluric conditions and the microscopic ones by the action 
of water after crystallization had been completed. 

Another type of “pseudo-leucite” consisting of ortho¬ 
clase and muscovite has been described by A. Zavarickij in 
alkaline rocks of the Ishim Rivei, West Siberia. The follow- 
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ing reaction is suggested:— 

eKAlSiaO. + CO^ + HaO ^SKAlSijO, + KHaAl.Si.O,, + K^CO, 
(leucite) (orthoclase) (muscovite) 

The dark minerals of the feldspathoidal rocks include both 
saturated and unsaturated species, hence there are few ex¬ 
clusions. Muscovite is scarce, but it occurs along with 
corundum and biotite in the nepheline rocks of Canada. 
Biotite is the principal dark mineral in the Canadian occur¬ 
rences and it is important in the Ural Mountains and Madras, 
but in the larger foyaite bodies biotite is quite unimportant 
and frequently absent. Even tourmaline is a constituent of 
certain very coarse nepheline-pegmatites on the York River, 
Ontario. 

Many varieties of amphibole occur in these rocks, especi¬ 
ally the sodic amphiboles arfvedsonite, riebeckite and hast- 
ingsite, the dark brown barkevikite, and the related aenig- 
matite or cossyrite. These soda-amphiboles have often been 
formed at the expense of earlier pyroxenes, and one may 
observe crystals of diopside or aegirine partly transformed into 
blue amphibole. But although individual occurrences of 
amphibole are common enough, the characteristic mineral of 
the feldspathoidal rocks is not amphibole but pyroxene. This 
ranges in composition from pure aegirine through more and 
less sodic varieties of diopside and hedenbergite, or diopside 
with sodic mantles, to common augite and deep purple titan- 
augite. On the whole the more sodic pyroxenes are associated 
with nepheline, and leucite with the less sodic varieties. 
Titanaugite may show the unusual character of an excess of 
calcium atoms over magnesium atoms. The type of pyroxene 
in which magnesium exceeds calcium (the enstatite-augite 
series) is characteristically absent from feldspathoidal rocks; 
invariably so from nepheline-bearing rocks and usually so from 
leucite rocks. No ortho-pyroxene has ever been recorded in a 
feldspathoidal rock. 

Olivine of the usual basaltic character is common, especi¬ 
ally in the more melanic lavas. Mettlite is scarce, but it is 
fairly often recognized in leucite rocks of low silica content. 
The lime-garnet, melanite or schorlomite, is a not uncommon 
associate of both nepheline and leucite, especially in regions 
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where limestone occurs. In deep-seated rocks it is a mineral 
of late crystallization, seldom showing its characteristic crystal 
form. In the original ijolite of Finland, and in rocks of the 
same character in Sweden and South Africa, melanite has 
crystallized after every other mineral except cancrinite, and in 
the melanite rocks of north-west Scotland it has crystallized 
after pyroxene and usually after biotite. Yet in certain 
effusive rocks—trachytes, phonolites, nephelinites and leuci- 
tites—melanite appears in beautifully idioniorphic crystals and 
seems to have been one of the earliest minerals to crystallize. 

Sphene is unusually abundant in many nepheline rocks, 
as at Ice River, B.C.; Beemerville, New Jersey; and Seku- 
kuniland, Transvaal. Certain foyaites at Umptek, Kola, hold 
nearly 50 per cent of this mineral. Apatite is another common 
accessory mineral that reaches an extraordinary concentration 
in many nepheline rocks, the outstanding locality being 
Umptek, where enormous bodies of nepheline-apatite rock are 
exploited commercially. Concentration on a smaller scale is 
conspicuous in Alno and Sekukuniland. 

Many rare species containing especially titania and zir- 
conia are found in nepheline rocks. Among the titanosilicates 
there are astrophyllite, lamprophyllite (molengraaffite), mos- 
andrite, besides perovskite and knopite. The zirconosilicates 
include eucolite (eudialyte), catapleiite, rosenbuschite, woh- 
lerite, lavenite. 

B.— Classification and Nomenclature 

With a large number of light minerals present, the rational 
subdivision of this group becomes a difficult matter. Even if 
all the soda-feldspathoids (nepheline, sodalite, haiiyne, nosean, 
cancrinite and analcime) are grouped together in opposition to 
the potash-feldspathoid (leucite), that leaves us still with two 
kinds of feldspathoid in addition to the usual three kinds of 
feldspar. As regards the feldspathoids, a sharp line of division 
can be drawn between rocks which contain leucite and those 
which do not; and since the inversion point of orthoclase- 
leucite falls within the range of magmatic temperatures, it is 
important that such a line should be drawn; but no such pre¬ 
cise separation can be effected with reference to the kind of 
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feldspar present, if we continue our former practice of com¬ 
paring the ratio of orthoclase to anorthite molecules in the 
feldspar, the results will not be comparable with those reached 
in the earlier classes, for in many lavas a large part of the 
potash is present in leucite instead of orthoclase. It thus be¬ 
comes necessary to replace the orthoclase-anorthite ratio by the 
ratio of orthoclase + leucite to anorthite. This gives us the fol¬ 
lowing primary classification:— 

Group d. —Or+Le>An (a) Leucite present (Symbol a) 

(b) Leucite absent (Symbol 

Group II.—Or4-Le<An (a) Leucite present (Symbol y) 

(b) Leucite absent (Symbol 8) 

The symbols a, )3, y, 8, now have a slightly different mean¬ 
ing from that which was attached to them in the more feld- 
spathic classes, but a still indicates a dominantly potassic 
character, ^ a dominantly sodic character and 8 a dominantly 
calcic character in the light minerals. 

For the first group, when eucrystalline, the general name 
of syenoid will be used. This name is derived quite legiti¬ 
mately from syenite, just as feldspathoid is derived from feld¬ 
spar; but petrographers who tolerate so many uglier and less 
justifiable rock-names have not made use of it. The writer 
finds it useful and inoffensive. For those who dislike it the 
alternative is “ feldspathoid-syenite.’* For Group II the cor¬ 
responding term would be either dioroid or gabbroid according 
to the colour index. 

For lavas of Group I the name leucite^honolite is avail¬ 
able. The typical phonolite, however, is a leucocratic rock, 
and many members of this group are mesotype or melano- 
cratic. With increasing colour index it is the content of 
alkali-feldspar that diminishes rather than the content of 
leucite, so we may find the melanic equivalents of leucite- 
phonolite among the leucitites and leucite4ephrites (the former 
almost free from feldspar, the latter containing plagioclase) or 
the corresponding olivine-bearing types, leucite-basalt and 
leucite-basanite. There is no single name which could be used 
to cover all these melanic leucite-phonolites. 

As regards Group Ila, the number of rocks known to fall 
in this group is so small that we can dispense with group 
names for th^ present. 
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C.— Leucite-Syenite and Related Rocks, xua, xwa 
The only known example of an intrusive eucrystalline rock 
containing unaltered leucite, if we exclude ejected blocks like 
those in the agglomerates of the Alban Hills and Monte 
Somma, is the “ missourite *’ of the Highwood Mountains, 
Montana. This is a subaluminous to metaluminous rock for 
which Weed and Pirsson gave the following mode:— 


leucite ... 


augite . 

. 50 

analcime 

. 4 

olivine . 

. 16 

zeolites 

. 4 

ore . 

6 

biotite 

. 6 

Cnlonr indpv . 

• ( 76 ) 

The “ 

Italite ” and “missourite** described by 

V* 

H. ; 


Washington (3) occur in the form of ejected blocks in 
agglomerate at Villa Senni, Alban Hills. The largest block 
measured only 60 cm. and there is no certainty that any body 
of rock of similar composition underlies the volcano; it seems 
possible, from the description, that these blocks are merely 
facies of the normal leucitite of the Alban volcano, which have 
been locally enriched with leucite by flotation or otherwise. 
The following modes were given by Washington. 

ItaLite Missourite 


leucite . 93*5 49 

haiiyne . 1*5 2 

biotite . *5 4 

melanite . -5 -5 

augite . 30 43 


magnetite, apatite 10 1-5 

Colour index ... (5) (49) 

Per alkaline Type 

A holocrystalline {X)rphyritic rock containing large trape- 
zohedral pseudomorphs, supposed to be derived from leucite, 
was described by J. F. Williams at Magnet Cove, Arkansas. 
The pseudomorphs consist of orthoclase, nepheline and can- 
crinite; the groundmass holds nepheline, orthoclase, pyroxene, 
garnet and biotite. Assuming that the pseudomorphs were 
originally leucite, H, S. Washington (1) works out the corn- 
position of the rock as follows:— 

orthoclase . 3*9 (weight) diopside and aegirine ... 19*2 

leucite . 36-9 melanite . 14-6 

nepheline . 25*5 Colour index . (34) 
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L. V. Pirsson gave the name “ fergusite ** to a rock in the 
Highwood Mountains which contains 66 per cent of pseudo- 
leucite, 24 of soda-diopside, 8 of ore, and trifling amounts of 
olivine, biotite and apatite; colour index 36. Another occur¬ 
rence of fergusite has since been described by V. Nikolajew in 
Turkestan. Two modes are given, as follows:— 


orthoclase . 45-2 37*0 

nepheline . 8*8 16-9 

orthoclase and nepheline intergrowths .... 9*7 7*0 

sodic diopside . 23*5 12*0 

biotite . 6*0 12*8 

melanite . 4*1 10*8 

rest . 2*7 3*5 

Colour index . (36) (39) 


D.—Leucite-Phonolite and Related Rocks. DUa, DWa. 

No peraluminous rocks are known in this group. 

Metaluminous Type 

The first three illustrations relate to rocks from the vol¬ 
canic region about Rome; they have been described by H. S. 
Washington (4) under the name of leucite-trachyte. In our 
terminology they are leucite-phonolites. 


soda-orthoclasc . 

(1) 

.... 39*6 

(2) 

47*7 

(3) 

30*0 

labradorite . 

.... 17*5 

16*3 

24*5 

leucite . 

.... 31*4 

16*9 

15*7 

nepheline . 

— 

— 

0*9 

biotite . 

.... 2*3 

3*7 

2*3 

augite . 

.... 5*3 

10*3 

18*3 

magnetite, apatite . 

.... 3*9 

4*3 

3*4 

Colour index . 

. (11) 

(18) 

(27) 


The next two rocks are also from the Roman region; they 
carry more plagioclase than orthoclase, for which reason 
Washington (4) has called them leucite-tephrite. They fall 
just on the boundary between the leucocratic phonolites and 
the mesotype tephrites, 
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soda-orthoclase (OrjAbj) 26 0 (OrjAbJ 10-5 (weight) 
labradorite (AbjAn,) 280 (AbjAiij) 26-1 


leucite 15*8 29*0 

nepheline 1*0 2*8 

biotite, hornblende 3*4 2*0 

augite 16*8 21*6 

olivine 2*0 5*0 

magnetite, apatite 7*0 3 0 

Colour index (29) (31) 


In the curious rock which W. Cross has named “ mad- 
upite,” from the Leucite Hills of Wyoming, no leucite is 
developed at all, and the rock consists of diopside, phlogopite 
and a little perovskite in a glassy base which has the chemical 
composition of leucite. If the magma had crystallized com¬ 
pletely, this rock would have been composed of: 

leucite . 20*3 diopside . 46*1 

nosean . 6*5 accessories . 8*2 

phlogopite . 18*9 Colour index . (73) 

To the metaluminous type we must add the melilite-bear- 
ing leucitites, for which H. S. Washington (4) has proposed 
to revive the old name cecilite. The composition, in a simple 
case, was leucite 60, augite 20, melilite 18, magnetite 2; colour 
index 40. In other instances described by Washington there 
are small amounts of nepheline, olivine and anorthite in addi¬ 
tion. In a “ nepheline-melilite rock from the Alban Hills 
Washington^ (3) found leucite 12, nepheline 40, melilite 40, 
haiiyne 1, melanite 4, augite 2, apatite 1; colour index 47. 

A melanocratic rock of this character has been described 
by A. Holmes (2) under the name katungite.** The calcu¬ 
lated mineral composition is leucite 16, melilite 40, olivine 22, 
perovskite 7, magnetite 6, nepheline and rest 9; colour index 
76. 


Subaluminous Type 

The following examples are leucite phonolites from the 
Roman region;— 
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soda-orthoclase . 

(1) 

. 60-7 

(2) 

55-2 

(3) 

22-2 

labradorite . 

. 11*3 

20*1 

35*6 

leucite . 

. 8*8 

1*7 

25*5 

nepheline . 

. 3*5 

4*0 

— 

augite . 

. 8*9 

13*1 

9*1 

olivine . 

. M 

1*7 

2*3 

magnetite, apatite . 

. 5*7 

4*2 

5*3 

Colour index . 

. m 

(19) 

(17) 


Some of the lavas of the Roman region are largely com¬ 
posed of glass. The apparent composition of two such rocks 
is given below, and it is followed in each case by the calculated 
composition, obtained by chemical analysis. 

(observed) (calculated) (observed) (calculated) 


soda-orthoclase . 1*1 48*3 1*1 47*8 

labradorite . 2*9 18*3 141 19*9 

leucite . 16*6 16*8 38*1 17*2 

nepheline . — 6*5 — — 

augite . 4*9 6*2 1*4 8*2 

ore . 1*4 3*9 — 5*4 

groundmass . 73*1 — 45*3 — 

Colour index . (10) (14) 


The following examples will serve to show the range of 
variation among the leucite-tephrites and leucite-basanites of 
the Roman region. All are described by Washington (4). 


soda-orthoclase . 

.... 8*5 

— 

— 

— 

labradorite-anorthite 

.... 13*9 

14*1 

10*5 

13*1 

leucite . 

.... 36*2 

35*0 

32*3 

17*3 

nepheline . 

... 8*3 

5*1 

34 

3*4 

augite . 

.... 30*4 

41*0 

47*1 

48*0 

olivine . 

— 

4*0 

4*0 

15*9 

magnetite, apatite . 

.... 5*7 

0*8 

2*1 

2*3 

Colour index . 

. m 

(46) 

(53) 

(66) 


A. Rittmann has given a number of modes of Vesuvian 
lavas which are entirely comparable with those cited above. 

Peralkaline Type 

For the pyroxene in a leucite rock to be a sodic one is 
distinctly uncommon, but Washington (4) gives two examples 
from the Roman region in which the usual augite is replaced 
by a bright green ‘‘aegirine-augite ” (soda-diopside), 
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soda-orthoclase . 


19*2 

labradorite . 

— 

70 

leucite . 

. 13*4 

370 

nepheline . 

. 4*7 

11-7 

haGyne . 

. 10 

100 

soda-diopside . 

. 7*8 

11*5 

melanite . 

. — 

20 

biotite . 

. — 

1-3 

ore, apatite . 

. 4-6 

0-3 

Colour index . 

. (12) 

(15) 


Washingfton described the first rock as leucite-phonolite, the 
second as leucite-tephrite, but both rocks are strongly alkaline 
in character and both should be called leucite-phonolite. 

The leucite-phonolite of Perlerkopf, in the Eifel district 
of Germany, contains leucite 30, nepheline 30, soda-diopside 
32, melanite and sphene 8; colour index 40 (R. Brauns). 

E.— Nepheltne-Syenites and Related Rocks. xuS, xwjS. 

These rocks contain a soda-feldspathoid which is gfenerallv 
nepheline but sometimes sodalite, cancrinite or analcime, with¬ 
out any leucite. In this ^roup the tendency to sub-divide and 
to create specific names has been carried to extreme leng^ths, 
over forty names being in use for the eucrystalline varieties 
alone. Most of these names are unnecessary, and all lack 
quantitative definition. 

It will be sufficient for our present purpose to divide the 
syenoids into two series, one in which alkali-feldspar is 
abundant and another in which feldspathoids greatly exceed 
or entirely replace feldspar. The characteristic members of 
the first series are leucocratic, and from the many names in use 
we select foyaite (derived from the typical locality at Foya, 
Portugal) as a generic name. For mesotype varieties of this 
series the name mali^nite (from Maligne River, Ontario) is 
suitable. Most examples of the second series are mesotvpe, 
and from their occurrence on a large scale at Ijo, Finland, 
they are known as ijolite, while the less common leucocratic 
varieties have received the name of urtite (Lujaur-Urt, Kola). 
When we consider the melanocratic syenoids, the separation 
of the more feldspathic from the less feldspathic varieties 
ceases to have much significance, for the light minerals form 













468 


ERUPTIYli: ROCKS 


the minor part of the rock; the name jacupirangite (from 
Jacupiranga, Brazil) is therefore suitable for all such rocks, 
no matter what the proportion of feldspar to feldspathoid may 
be. 


Peraluminous Type 

The soda-syenoids of Ontario are mostly peraluminous, 
and some of them contain corundum. The feldspar is always a 
very sodic variety, partly albite and partly soda-orthoclase or 
microperthite. P. D. Quensel has proposed to give the name 
“canadite** to all albite-rich foyaites, but since there is an 
excess of albite molecules over orthoclase molecules in nearly 
all foyaites, the distinction is not a very significant one. (It 
would be much more useful to make canadite a generic name 
for all peraluminous foyaites, to distinguish them from the 
commoner peralkaline type.) Two analyses of the foyaites of 
Ontario are given below, after Adams and Barlow:— 


orthoclase . 

. V 

( 2 ) 

4-4 

albite . 

. 53-4 

50*8 

anorthite . 

. 1-8 

1-2 

nepheline . 

. 182 

8*0 

muscovite . 

. 80 

— 

biotite . 

. 1-3 

29-6 

ore, apatite, calcite . 

. 0-9 

4.4 

Colour index . 

. ( 10 ) 

(31) 


Others of the Ontario syenoids have nepheline in large 
excess over feldspar, and. belong to the urtite division. The 
first of the following examples is from Craigmont (Adams and 
Barlow), the second from Monmouth (W. G. Foye):— 



( 1 ) 

( 2 ) 

albite . 


9*2 

oligoclase . 

. 29-7 (weight) 

— 

nepheline . 

. 63-2 

56-7 

scapolite . 


10-2 

muscovite . 


— 

biotite . 

. 0*5 

22*5 

corundum . 

. 0*5 

— 

rest . 

. 1-5 

1-4 

Colour index . 

. (7) 

(28) 


The foyaites of Litchfield, Maine, and Salem, Massachu¬ 
setts, are remarkably similar in composition, according to 
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data furnished by W. S. 

Bayley and 

H. S. Washington 

respectively. The figures 

are 



Litchfield 

Salem 

orthoclase . 

. 27*0 

27 

albite . 

. 46*9 

43 

nepheline . 

. 17*0 

20 

cancrinite . 

. 2*0 

1 

biotite . 

. 6*9 

6 

accessory . 


3 

Colour index 

. (7) 

(9) 


The peraluminous type of foyaite is also found at Ditr 6 , 
Hungary, and Miask, Ural Mountains, along with metalumin- 
ous and peralkaline types; but quantitative information is lack¬ 
ing as regards both the bulk and the composition of these 
types. 

Metaluminous Type 

The “ monmouthite ** of Monmouth, Ontario, is a horn- 
blende-syenoid; it is much rarer than the mica-syenoids of this 
region. The hornblende is a dark green variety with peculiar 
optical properties, called hastingsite; it carries about five per 
cent of potash and soda, which raises the question whether 
this rock ought not to be referred to the peralkaline type. The 
fact is that hastingsite and barkevikite are intermediate between 
common aluminous hornblende and the real soda-amphiboles, 
arfvedsonite, riebeckite and crocidolite, which have seven to 
twelve per cent of alkalies and little or no alumina. Taking 
both alkalies and* alumina into consideration, it seems that 
hastingsite and barkevikite are nearer to common hornblende 
(which nearly always holds two or three per cent of alkalies) 
than to the soda-amphiboles. 

The mode of typical “ monmouthite ” is as follows (Adams 
and Barlow):— 

albite . 1-8 (weight) calcite . 3*1 

nepheline .... 72*2 hornblende . 15*1 

sodalite . 0*3 hematite, etc. 0*6 

cancrinite ... 5*1 Colour index . (16) 

L. V. Pirsson and H, S. Washington describe horn- 
blende-foyaite at Red Hill, New Hampshire. The hornblende 
is called catophorite but it is evidently an aluminous horn- 
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blende with no excess of alkali, for acmite does not appear 
when the norm is calculated. It is stated that se^irine is some¬ 
times present, but the modes and chemical analyses that are 
furnished are those of metaluminous rather than peralkaline 
rocks. The following modes are given :— 



(1) 

(2) 

orthoclase . 

.. 36 

32 

albite . 

.. 37 

43 

nepheline . 

.. 14 

7 

sodalite . 

5 

2 

hornblende . 

7 

12 

accessory . 

1 

4 

Colour index . 

. (8) 

(16) 

Coming now to rocks with 

a higher colour index, we 

elude a malignite from Monmouth (Adams and Barlow), ; 

a hornblende-jacupirangite from Tamaulipas, 

Mexico (G. 

Finlay). 




Monmouth 

T am auli fas 

orthoclase . 

2*8 (weight) 12 

albite . 

... 22*3 

— 

anorthite . 

... 1*7 

— 

nepheline ..... 

... 26*2 

18 

hornblende . 

... 39*7 

40 

titanaugite . 

— 

23 

magnetite, etc. 

... 5*8 

5*9 

Colour index . 

.... (45) 

(69) 


A few syenoids contain a lime-iron garnet without the 
soda-pyroxene that usually accompanies it; they are therefore 
placed in this group. The “ borolanite’’ of J. Horne and 
J. J. H. Teall, from Assynt, Scotland, is a melanite-biotite 
syenoid which typically holds no pyroxene at all. The rock 
exhibits white spots, of rounded or rudely polygonal outline, 
which may be ** pseudo-leucite,” set in a base of alkali-feld¬ 
spar, melanite and biotite. The white spots consist of feldspar 
and zeolites, and the mode of the rock is as follows 
(S. J. S., 1):- 


feldspar, etc., of white spots . 33‘7 (volume) 

feldspar, etc., of groundmass . 32*6 

melanite, sphene . 25*5 

biotite . 8-2 

Colour index . (34) 
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Melanite-biotite foyaite has been described in the Kruger 
Mountain area, British Columbia, by R. A. Daly (1), who 
gives the following mode :— 


soda-potash- 


melanite . 

.... 8*8 

feldspar 

63*9 (volume) 

apatite . 

.... 0*6 

nepheline 

15*1 

sphene, ore . 

.... 0-5 

biotite . 

11*1 

Colour index 

.... (21) 


The “okaite” described by J. Stansfield, from the Oka 
Hills, Quebec, is one of the rare deep-seated rocks that contain 
melilite. The following mode is given: — 

haiiyne . 21 magnetite ... 7*5 

melilite . 52*5 pyrites . 0*5 

biotite . 8 apatite . 2*5 

calcite . 2 Colour index .. (77) 

perovskite . 6 

The similarity of this okaite, which occurs at a limestone 
contact, with the “ turjaite ** of the Kola Peninsula is suffi¬ 
ciently pronounced to suggest that the latter too owes its 
abnormal composition to assimilation of limestone. The 
following mode is given by E. H. Kranck. 


nepheline . 16*4 

melilite . 41*7 

biotite . 18*3 

melanite . 2*3 

perovskite . 4*1 


magnetite . 7*2 

apatite . 3*7 

calcite . 1*8 

Colour index . (83) 


Subaluminous Type 

Strictly subaluminous rocks are rare in this class, for the 
pyroxene tends either to hold a little of the aegirine molecule 
in solid solution or else to be mantled with zones of more and 
more sodic pyroxene. Many foyaitic rocks are said to con¬ 
tain “augite” or “ diopside,” but in nearly all cases the 
mineral proves to be more or less sodic in character. This is 
true of the augite in the foyaite of Tamaulipas, Mexico, and 
of the diopside in the ijolite of Kuolarjarvi, Finland, two rocks 
which were cited as examples of the subaluminous type in the 
first edition of this book. These rocks are transitional between 
the subaluminous and the peralkaline type. In many in¬ 
stances the formation of sodic mantles about common pyroxene 
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is not a magmatic phenomenon at all but a deuteric reaction. 
R. H. Jahns has shown that this process, in an analcime- 
syenite of South Park, Colorado, was contemporaneous with 
analcitization of the feldspar. 


Per alkaline Type 

The great majority of syenoids, and many phonolites, are 
of this type. Three of the greatest masses of nepheline rocks in 
the world (Kola, Julianehaab, and Pilansberg) consist almost 
exclusively of peralkaline types; and other large syenoid in¬ 
trusions such as those of Serra de Monchique, Arkansas, Cabo 
Frio, Serra de Tingud, and Los Islands are mainly peral- 
kaline. 

Foyaites with only small quantities of nepheline or soda- 
lite, which are near syenite in composition, are sometimes 
called “pulaskite” from their occurrence in Pulaski County, 
Arkansas. H. S. Washington (1) gives the following modes 
computed from analyses of the pulaskite of Fourche Moun¬ 
tain :— 



(1) 

(2) 

orthoclase . 

. 28-6 

35-1 

albite . 

. 390 

39*8 

nepheline . 

. 6*2 

3*1 

sodalite, nosean 

. 1*2 

1*2 

aegirine . 

. 6-9 

5*1 

biotite, hornblende, 

diopside . 7-9 

11*0 

rest . 

. 10-2 

4*7 

Colour index .... 

. (25) 

(21) 


The “ hedrumite ** of W. C. Brogger (1), from Hedrum, 
Norway, is not in any essential respect different from 
pulaskite, and the “ solvsbergite of Tjose-Aklungen is a fine^ 
grained dyke rock with trachytic texture, consisting of alkaline 
feldspar 71-6, nepheline 5, soda-pyroxene 15*2, biotite 7*1, 
melanite 0*7 and perovskite 0*3 per cent. 

The ** lardalite of Brogger (2) is only distinguished from 
other foyaites by the peculiar rhombic habit of the feldspar 
(anorthoclase) and by the frequent appearance of olivine. The 
mode is as follows:— 
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orthoclase 

.... 190 


soda-pyroxene . 

... 8*3 

albite . 

.... 40*6 

62*3 

biotite . 

9*5 

anorthite 

.... 2*7 


ore . 

2*8 

nepheline 

.... 13*0 


apatite, zircon . 

... 1*7 

sodalite 

.... 2*0 


Colour index .... 

... (22) 


Among the commoner examples of foyaite there is a dis¬ 
tinct tendency towards what might be called a standard com¬ 
position. The writer observed that five of the most abundant 
foyaites of South Africa have nearly the same chemical com¬ 
position, which expresses itself in terms of minerals as 
follows:— 


soda-orthoclase (Or 32, Ab 29) . 61 

nepheline . 23 

soda-diopside (Di 5*7, Ac 4*6) . 10-3 

sphene, magnetite . 2*4 

rest (including combined water) . 3*3 


or in round numbers feldspar 62, nepheline 23, melanes 16. 
B. M. Kupletsky and T. M. Oklova have since computed the 
average composition of 182 nepheline-syenites and find it to be 
feldspar 60 4, nepheline 20, melanes and secondary minerals 
19-6. 

The name “lujaurite*’ was given by W. Ramsay to 
foyaites of Lujaur-Urt, in the Kola peninsula, which are 
characterized by the presence of abundant needles of aegirine 
arranged in parallel position, giving the rock the appearance 
and texture of a crystalline schist. This curious rock is 
actually one of the most important varieties of foyaite, for it 
forms a large part of Lujaur-Urt, it is an important element 
in the Ilimausak intrusion in Greenland, it is seen again in 
the “green foyaite“ of Pilansberg, and it forms the greater 
part of the Sekukuniland stock. Rare minerals, especially 
eudialyte and lamprophyllite, are remarkably common in these 
rocks. Most lujaurite contains 40 to 50 per cent of feldspar, 
22 to 27 of nepheline, and 23 to 30 of segirine or soda-rich diop- 
side, with a variable and often large proportion of eudialyte. 
The mode of the Sekukuniland lujaurite was computed as 
follows (S. J. S., 2) 
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orthoclase, albite and microperthite . 44 

nepheline . 27 

acmitic pyroxene . 24 

sphene, ore, apatite, combined water. 5 

Colour index .(27) 


Among the less common varieties of foyaite we may notice 
the “ mariupolite ** of J. Morozewicz, which is extremely rich 
in albite, and the “juvite** of W. C. Brogger (3), which is 
an orthoclase-rich variety. The modes are 


orthoclase (Or.Ab,) . 

. — 

51 

albite . 

. 74 

— 

nepheline . 

. 13 

36 

sodic pyroxene . 

. 7*5 

7 

biotite . 

. 4 

— 

zircon, sphene, etc. 

. 2 

6 

Colour index .. 

. (13) 

(13) 


Sodalite is an abundant constituent of many foyaites, from 
20 to 50 per cent having been recorded in some of the sodalite- 
foyaites of Greenland (N. V. Ussing). In the sodalite-foyaite 
of St. Hilaire Mountain, Quebec, J. J. O’Neill has recorded 
as much as 70 per cent of this mineral. 

Cancrinite replaces nepheline to a large extent in some 
foyaites and ijolites, especially in the neighbourhood of lime¬ 
stone contacts. Ramsay and Nyholm described a rock at 
Kuolajarvi, Finland, which carries 29 per cent of cancrinite, 
along with nepheline, orthoclase, aegirine and accessories. The 
foyaite of Diamond Jo quarry. Magnet Cove, also holds much 
cancrinite (H. S. Washington, 1). 

Analcime is another mineral which may accompany or 
replace nepheline in these rocks. G. W. Tyrrell (1) has 
described such rocks in the west of Scotland. One of them 
has the following composition :—alkali-feldspar 69, analcime 
16, aegirine 9, alkali-hornblende 4, ore and apatite 4; colour 
index 17. Foyaite containing from 15 to 30 per cent of 
analcime occurs in the San Carlos Mountains, Mexico, but 
E. H. Watson reports that analcime was the last constituent to 
form and to a large extent replaces earlier crystals of orthoclase 
and nepheline. 
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As an example of a mesotype foyaite or malignite, we quote 
A. C. Lawson’s analysis of the original malignite of Poohbab 
Lake (Maligne River), Ontario:— 

orthoclase . 20*9 soda-diopside . 48*2 

nepheline . 19*6 sphene . 1-0 

biotite . 2-0 apatite . 5-8 

Colour index . (57) 

A malignite described by R. A. Daly (1) at Kruger 
Mountain, British Columbia, contains much melanite. The 
mode is 


soda-orthoclase, 


melanite . 

9*5 

perthite 

36-3 (volume) 

apatite . 

10 

nepheline 

5-4 

magnetite, sphene ... 

.. 0-3 

biotite . 

110 

Colour index . 

• ( 58 ) 

soda - diopside 

36-5 




The original theralite was discovered in the Crazy Moun¬ 
tains of Montana, by J. E. Wolff. Through an error in the 
first descriptll>n of the rock, the name has been generally 
accepted as that of a nepheline-plagioclase rock or nepheline- 
gabbro, although the Crazy Mountains rock contains no 
plagioclase. Wolff has continued to use the name theralite for 
these rocks, and gives the following modes from which it will 
be seen that the Crazy Mountains theralite is essentially what 
we have called malignite, or mesotype foyaite. 


orthoclase . 

.... 23 

21 

nepheline . 

.... 10 

22 

sodalite . 

.... 21 

11 

sodic pyroxene . 

.... 36 

39 

magnetite, apatite ... 

.... 4 

1 

Colour index . 

. (40) 

(40) 


Olivine-bearing varieties are also described, in which the 
colour index may exceed 60. 

The typical ijolite is feldspar-free and contains essentially 
only nepheline and a sodic pyroxene, with accessory melanite, 
sphene and apatite. The first ijolite was recognized and named 
at Ijo, in the Kuusamo district of Finland, by W. Ramsay 
and H. Berghell. It is compared below with the remarkably 
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similar ijolite of Sekukuniland, Transvaal (2) and with an 
ijolite of Magnet Cove, Arkansas (3). The first analysis is by 
V. Hackmann, the second by the writer, and the third by H. S. 
Washington. 


nepheline . 

(1) 

... 51-6 

(3) 

54-6 

(3) 

38-7 

cancrinite . 

... - 

7*4 

.... 

calcite . 

... - 

05 

_ 

soda-pyroxene . 

... 39-2 

32-2 

42-8 

sphene . 

... 21 

0-5 

— 

melanite . 

... 0-7 

— 

15-3 

apatite . 

... 4-3 

4-8 

30 

Colour index 

... (46) 

(38) 

(61) 


W. C. Brogger (3) has described beautiful examples of 
ijolite in the Fen district of Norway; they occur, as usual, in 
close proximity to limestone. Brogger has introduced the 
name “ melteigite ** for these rocks, but they are similar in 
every respect to the original Kuusamo ijolite and no new name 
is needed. 

In view of the considerable theoretical importance of the 
ijolites in connection with the question of limestone assimila¬ 
tion, we may be allowed to cite two examples from the Kola 
peninsula. The first mode is by T. Brenner, the second by 
E. H. Kranck. 


nepheline . 

.. 38-2 

44-2 

soda-diopside . 

.. 16-2 

34-4 

soda-hornblende . — 

.. 320 

— 

melanite . 

— 

10-4 

sphene, perovskite ... 

... 5-8 

1-2 

ore, apatite, etc. 

.. 7*8 

30 

Colour index . 

... (62) 

(56) 


When the proportion of dark minerals rises to two-thirds 
or more the name jacupirangite may be used. The rock to 
which this name was originally given by C. A. Derby, at 
Jacupiranga, Brazil, consisted of a more or less sodic pyroxene 
and a large proportion of titanomagnetite, with quite sub¬ 
ordinate rtepheline. Rocks of similar character have been 
found in almost all the foyaite-limestone localities that were 
discussed in Chapter XVIII, notably Alno, Fen and Iron 
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Hill. Two modes from the latter locality are furnished by 
Larsen and Miller, as follows:— 


nepheline . 

. 29 

19 

soda-diopside . 

. 38 

77 

garnet . 

. 25 

— 

apatite, ore, calcite . 

. 8 

4 

Colour index . 

. (71) 

(81) 


The complementary type is urtite, named after Lujaur- 
Urt; it consists almost wholly of nepheline. W. Ramsay has 
given the composition of two of these rocks as follows:— 

nepheline . 86 (weight) 82 

aegirine . 12 16 

apatite . 2 2 

Colour index . (14) (18) 

F.—PhONOLITE AND RELATED RoCKS. DU/8, DWfi 
No phonolite of peraluminous type has been described. 

Metaluminous Type 

Quantitative descriptions of metaluminous phonolite are 
very scarce. The “ vulsinite ” of H. S. Washington (4), from 
Italy, is an augite-biotite phonolite. The composition of two 
examples of this rock is as follows:— 


soda-orthoclase . 

... 65*2 (weight) 

521 

labradorite . 

... 14*3 

17*8 

nepheline . 

... 5-4 

7-8 

biotite . 

... 3*2 

1*7 

augite . 

... 8-3 

17*7 

magnetite, apatite ... 

... 3-6 

2-9 

Colour index . 

... (15) 

(22) 


The following highly melanocratic lavas are nepheline 
basalts. The first is from Fort Hall Reservation, Idaho, and 
it has been described by Mansfield and Larsen. The second 
was described by J. Gilluly in Utah. 


nepheline, haiiyne . 

(1) 

(8) 

18 

biotite . 

. 8 

20 

pyroxene . 

. 39 

40 

olivine . 

. 26 

20 

rest . 

. 5 

2 

Colour index . 

. (78) 

(82) 
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The name monchiquite is given to a group of dyke-rocks 
which have an almost isotropic base composed largely of anal- 
cime. The following modes of monchiquite at Spanish Peak, 
Colorado, are given by A. Knopf. 


biotite . 20*6 6*7 

titanaugite . 19*4 31-7 

olivine . — 9*3 

magnetite . 4*6 5*3 

base (analcime, anorthoclase, etc.) .... 52-5 47*0 

Colour index . (45) (46) 


A hornblende-monchiquite in the San Carlos Mountains, 
Mexico, contains augite 25, hornblende 25, with analcime and 
alteration products 50; colour index 50 (E. H. Watson). 

The next two examples are melilite-nepheline basalts, one 
from Winnett, Montana (C. S. Ross), the other from Kassel, 
Germany (T. Ernst). These rocks correspond to jacupirangite 


in the eucrystafline division. 

Winnett Kassel 

nepheline (with haiiyne and zeolites) ... 15 15 

biotite .*.. 16 — 

melilite . 17 7 

augite . 5 34 

olivine . 35 30 

perovskite . — 2 

ore, apatite . 11 10 

Colour index . (80) (85) 


Subaluminous Type 

Quantitative descriptions are again very scarce. 

The phonolite of Leeuwkraal, Transvaal, is a subalumin¬ 
ous type. It contains (S. J. S., 3) 

microperthite . 75 diopside . 10 

nepheline . 10 titanomagnetite . 2 

sodalite . 10 sphene .. 1 

Colour index . (18) 

An analcime-phonolite was described by T. Barth from 
the Society Islands in the Pacific. Anorthoclase makes up 82 
per cent of the rock, and the analcime forms “ small octagonal 
grains” in the groundmass, amounting to 7 per cent. Other 
constituents are ,diopside 5, ore 5, apatite 3; colour index 12 . 
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A curious lava described by R. A. Daly (1) in British 
Columbia, under the name ** shackanite’’ is an analcime- 
phonolite. It consists of 


anorthclase . 33-5 

analcime . 29*2 

biotite . 0-2 

augite . 5*5 


olivine . 2*6 

magnetite . 2*0 

apatite, sphene . 2-0 

glass . 25-0 


A rock described by H. S. Washington (5) as “ analcime- 
basalt,” in Sardinia, falls in the mesotype section of this 
group. The mode is 


' analcime . 10 

augite . 25 

crystals •< olivine . 10 

magnetite . 13 

. apatite . 2 

/ orthoclase . 15 

, I albite . 13 

g ass -j anorthite . 7 

Colour index . (50) 


Some very melanic varieties appear among the nepheline- 
basalts. B. Koto has described a nepheline basalt at Yinge- 
men, Manchuria, which holds 30 per cent (by volume) of 
nepheline, 15 of olivine, and apparently about 50 per cent of 
augite, since the only other constituent mentioned is a little 
glass. The colour index must consequently be near 65. 

H. G. Backlund has given the mode of a nepheline basalt 
from General Vilkitzky Island, in the Arctic Ocean. It is 

nepheline . 321 magnetite . 10-1 

olivine .I ce.c apatite, perovskite .... 2*8 

augite .1 Colour index . (68) 


Peralkaline Type 

Although phonolites of this type are not uncommon, few 
have been described in quantitative terms. H. S. Washington 
(4) gives the modes of two phonolites from the Roman region, 
as follows: — 
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soda-orthodase . 84*6 (weight) 82*7 (weight) 

nepheline . 3*7 6*4 

sodalitC) hafiyne . 3*9 2*1 

soda-diopside .. 3*8 4*5 

sphene, ore. 4*0 4*8 

Colour index . (8) (9) 


E. Lehmann ( 1 ) has calculated the composition of three 
phonolites from Ischia; all are so much alike that we may aver¬ 
age them as follows:— 


sanidine 

43-3 ) 

feldspar 

soda-pyroxene . 

.... 7-8 

albite . 

. 36*6 J 

799 

soda-amphibole . 

.... 2*0 

nepheline .. 

8-2 


rest .. 

.... 21 



Colour index .. 

. (12) 


The “ phonolitic trachytes ” and phonolites that occur on 
oceanic islands are typically peralkaline, the melanes includ¬ 
ing aegirine and cossyrite. The phonolite of Stone Top, St. 
Helena, is a good example. According to the norm given by 
R. A. Daly (2) this rock contains 


anorthoclase (AbjAnJ 
nepheline . 

72-5 

8-6 

ores ... 

apatite . 

.... 70 

.... 2-4 

soda-diopside . 

8-6 

Colour index . 

. (18) 


An analcime-rich phonolite is described by A. MacGregor 
near Haddington, Scotland, containing 


orthoclase ........ 

. 37*6 

albite . 

. 20*1 

anorthite . 

. 3*2 

nepheline . 

. 4*2 

analcime . 

. 20-6 


sodalite . 2*7 

soda-diopside . 5*7 

olivine . 1*8 

ore, etc. 4*1 

Colour index . (12) 


An almost mesotype phonolite, in Mozambique, E. Africa, 
is described by A. Holmes ( 1 ). The mode is 

anorthoclase . 33*8 soda-amphiboles . 15*8 

nepheline, zeolites . 31*3 ore . 2*0 

soda-pyroxene . 15*1 calcite . 2*0 

Colour index (33, weight) 

The name tinguaite, derived from the Serra de Tingua in 
Brazil, is given to a variety of phonolite which is characterized 
by an abundance of fine needles of aegirine which lie largely 
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in parallel position and tend to be matted together. This rock 
corresponds to lujaurite in the eucrystalline division, and like 
lujaurite it frequently contains eudialyte and other rare 
minerals. The following analyses are of tinguaites from (1) 
Judith Mountains, Montana (Weed and Pirsson); (2) Serra 
de Monchique, Portugal (Kraatz-Koschlau and Hackmann); 
(3) Hedrum, Norway (W. C. Brogger); (4) Fen district, Nor¬ 
way (W. C. Brogger); (5) Bearpaw Mountains, Montana 


(Weed and Pirsson). 

(1) (2) (3) (4) (5) 

orthoclase . 54*6 20 20*5 25*3 44-4 

albite . 18-8 40 30 5-9 121 

nepheline . 8-8 20 30 33-6 9-3 

sodalite, cancrinite 1-2 — — 51 — 

soda-pyroxene .... 12-8 8 15*2 28*6 34-2 

biotito . — 3-5 2-5 — — 

ore etc. .. . — ■■ 2 ____ 1*3 

Colour index ’*...’ (13) (18) (18) (29) (34) 


G.— Leucite-Theralite and Related Rocks 

XUy, XWy, DUy, DWy 

Very few rocks satisfy the definition of this group. 
Among the ejected blocks of Monte Somma, A. Lacroix recog¬ 
nized a leucite-theralite to which he gave the name “ pug- 
lianite.” The mode is stated as follows by W. E, Troger:— 

sanidine . 4 hornblende 2 

leucite . 5 augite . 66 

anorthite . 16 Colour index .(76) 

biotite . 8 

Bowen and Ellestad have described a leucite-theralite from 
the crater of Nyamlagira in central Africa. This rock con¬ 
tains abundant insets of titanaugite, and some of olivine and 
titanomagnetite, in a groundmass of plagioclase, titanaugite 
and leucite. The norm indicates the following approximate 


composition 

12 

olivine . 

...... 14 


6 

ore . 

. 12 

. 

plagioclase (AbiAuj) ... 

.. 27 

apatite . 

. 1 

diopside . 

.. 27 

Colour index . 

.(64) 


It is likely that the proportion of anorthite indicated by the 
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norm is too high, but there would still appear to be an excess 
of anorthite over leucite. 

The two modes that follow relate to unusual varieties of 
V leucite-basalt, the first from Bohemia (mode by W. E. Troger, 
2), and the second a rock from Uganda, described and named 
“ugandite” by A. Holmes (3). 


, . - f albite .... 

plagioclase | anorthite 

leucite . 

nepheline . 

biotite . 

augite . 

olivine . 

ore, apatite . 

Colour index . 


7 

9*3 

15 

14-9 

2 

80 

1 

20 

58 

20-6 

10-5 

35*6 

6-5 

90 

(76) 

(65) 


These very uncommon rocks, which constitute rock facies 
rather than rock masses, can be adequately explained by the 
gravitational accumulation of augite and olivine crystals, and 
the flotation of leucite. 


H.— ^Theralite and Related Rocks, xua, xw 6 
Two names, essexite and theralite, are currently applied 
to eucrystalline rocks containing plagioclase and feldspathoid, 
but both have been vitiated by undiscriminating use. The 
name essexite was first given by J. H. Sears (1891) to a rock 
occurring on Salem Neck, Massachusetts, which contains all 
the minerals of a gabbro with the addition of some orthoclase, 
analcime and nepheline. Thirty years later C. H. Clapp 
showed that this rock is just a facies of the Salem gabbro 
which has suffered thermal metamorphism and alkali-meta¬ 
somatism by the Beverley syenite-foyaite magma, whereby the 
plagioclase of the gabbro was largely analcitized and a little 
nepheline was introduced. Meanwhile, J. H. Hibsch had 
extended the name essexite to a rock occurring at Rongstock, 
Bohemia, which is essentially an orthoclase-gabbro holding 
only a trifling amount of feldspathoid. The consequence is 
that some petrographers now use the name essexite in the 
sense of orthoclase-gabbro and others in the sense of nepheline- 
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gabbro or analcime-gabbro. The essexites described by 
W* C. Brogger in Norway are free from feldspathoids, but 
Rosenbusch included both feldspathoid-free and feldspathoid- 
bearing rocks in his essexite family. 

An equally unfortunate history attaches to the name 
theralite, which was first given by J. E. Wolff to a foyaitic 
rock of the Crazy Mts., Montana, and was later applied by 
H. Rosenbusch to a gabbroic rock at Duppau, Bohemia. It 
is clear that the theralite of the Crazy Mts. does not belong to 
this group, and we have already discussed it among the melanic 
foyaites (p. 465). Custom has now established the Duppau 
rock as the typical theralite, but has failed to distinguish it 
clearly from the essexite of Rongstock, from which it seems 
to differ mainly by having more feldspathoid and less plagio- 
clase. 

In this chapter we are concerned only with undersaturated 
rocks, and it seems to the writer that the theralite of Duppau 
is the best representative of the nepheline-plagioclase group. 
We shall therefore avoid the name essexite and use theralite 
as the general name of this group. The number of rocks that 
fall into the group is so small that it is not necessary to sub¬ 
divide them on the basis of colour-index. 


Per aluminous Type 

Nepheline-plagioclase rocks with excess of alumina have 
been described in Ontario under the names of dungannonite, 
raglanite, and craigmontite (Adams and Barlow). The com¬ 
position of craigmontite is: nepheline 63, oligoclase 30, mus¬ 
covite 4, corundum, etc.; colour index 7. 


Metaluminous Type. 

The theralite of Duppau has the following composition 
(Troger) 


soda-orthoclase . 

plagioclase (about An.^) 

nepheline . 

hornblende . 


12 titanaugite . 33 

16 olivine, biotite . 5 

15 ore, apatite . 7 

12 Colour index .(57) 
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A theralite from Lugar, Scotland, is very close to the 
Duppau rock in composition. G. W. Tyrrell ( 1 ) gives the 
following mode:— 


labradorite . 

nepheline . 

. 16-4 

. 16*6 

augite . 

olivine . 

.... 36*9 
8*7 

biotite . 

. 6*7 

ore, apatite . 

Colour index . 

.... 3-6 

hornblende . 

.. 12*2 

.... (67) 


A “ nepheline-monzonite ** from Madagascar, described 
by A. Lacroix, is another example of this type of rock. The 


mode given by Troger is 


anorthoclase . 

. 26 

barkevikite and 

plagioclase . 

. 26 

titanaugite 25 

nepheline . 

. 17 

ore and apatite . 7 


Colour index .(32) 


The name “ essexite ” has been applied to a wide variety 
of rocks in the Monteregian Hills, Quebec, but few of these 
rocks contain any nepheline. Bancroft and Howard observed 
that the essexite of Mount Royal develops a little nepheline in 
the vicinity of a limestone contact. A small proportion of 
nepheline was recorded in the essexite of St. Hilaire Mountain, 
which locally develops a theralitic facies with the following 
composition: nepheline 29*3, plagioclase 65*9, hornblende 3-6, 
pyroxene 7-5, rest 3*6; colour index 15 (J. J. O’Neill). 

G. W. Tyrrell ( 1 ) has described under the name 
^‘lugarite” certain rocks from the west of Scotland which 
resemble the original (Salem) essexite in holding a large pro¬ 
portion of analcime. The following modes are given:— 



(1) 

(3) 

plagioclase . 

. 10*5 

14*6 

nepheline . 

. } 42*6 

49*0 

analcime . 



augite . 

. 21*7 

— 

hornblende . 

. 17-2 

29*5 

ore . 

. 5*0 

2*7 

apatite . 

. 3*1 

4*2 

Colour index . 

. (47) 

(36) 


A hornblende-rich theralite from Ditr 6 , Rumania, has 
been described by A. Streckeisen, who gives the following 
mode:—^andesine 36, nepheline and cancrinite 7, biotite 8 , 
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hornblende 44, accessories 6; colour index 67. This rock has 
been named “orotvite.” It contains the very same propor- 
tins of hornblende and nepheline as the “ berondrite ” of 
Madagascar, the only mineralogical difference between them 
being that the latter rock contains some titanaugite in addition 
to hornblende. 

The “ bekinkinite *’ of Madagascar is an analcime-rich 
theralite in which the analcime has been formed at the expense 
of earlier nepheline (Lacroix). The colour index is over 80. 

Subaluminous Type 

The rock commonly called essexite at Crawfordjohn, Scot¬ 
land, is a subaluminous theralite according to our definition. 
The following modes of the normal rock and of an augite-rich 
facies have been given by A. Scott. 


orthoclase and labradorite ... 32-2 30*9 

nepheline and analcime . 13*0 9*8 

augite . 27*4 41-0 

olivine . 23*8 13*8 

rest . 3*6 4*5 

Colour index . (55) (59) 


The name “kylite** was given by G. W. Tyrrell (1) to 
an olivine-rich theralite occurring in the Kyle district of 
Argyll, Scotland. The average of four modes is stated below. 


labradorite . 

. 27*3 

olivine . 

.... 37*7 

nepheline, analcime .. 

5*1 

rest . 

.... 5-3 

titanaugite . 

. 24*6 

Colour index . 

. (67) 


An olivine-theralite from the Austral Islands, in the 
Pacific Ocean, which was described by W. Campbell Smith, 
closely resembles these Scottish examples. The mode is:— 
plagioclase 19, nepheline 12, augite 36*6, olivine 24 6, acces¬ 
sories 7-3; colour index 68. 

Crinanite is an analcime-olivine- diabase originally named 
by J. S. Flett in Argyll, Scotland. Like all diabases it varies 
from coarse-grained to fine-grained and some of it is dyscrys- 
talline. A typical example described by G. W. Tyrrell (2) 
contains orthoclase 10, labradorite 30, analcime 10, titanaugite 
25, olivine 16, ore and apatite 10; colour index 60. 
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I.— Nepheline-Tephrite and Related Rocks. duS, dw8 
Nepheline-tephrite is the effusive rock corresponding to 
theralite (page 472). Troger gives the following as a typical 
mode:—labradorite 42, nepheline 16, titanaugite 30, soda- 
orthoclase 4, ore and apatite 9; colour index 39. 

The name “ atlantite was given by E. Lehmann (2) to a 
nepheline-basanite of Nyassaland, East Africa, containing 
labradorite 31, nepheline 11, titanaugite 42, olivine 6; ore and 
apatite 11; colour index 58 (mode by Troger). The essexite- 
basalt described by Lehmann (3) from Stoffel, Germany, is a 
rock of similar character. The mode is 


sanidine . 10*2 

labradorite . 23*0 

nepheline . 7-8 


titanaugite . 35*9 

olivine . 20*2 

ore, apatite . 2*9 

Colour index . (59) 


Basanites have been described by T. F. W. Barth from 
Pacific islands. The following modes refer to rocks from (1) 
Niihau, (2) Haleakala, (3) Kohala. 


crystals I 
glass ... 


plagioclase 
pyroxene 
olivine ... 

ore . 

apatite 


(1) 

(2) 

(3) 

40 

20 

45 

20 

35 

10 

5 

5 

10 

4 

10 

10 

1 

1 

5 

30 

29 

20 


No nepheline is seen among the crystals, but the norm calcu¬ 
lated from a chemical analysis of rock no. 2 shows that the 
glass must contain about 13 per cent of feldspar, 10 of 
nepheline and 7 of iron oxides. 

The analcime-basalts of Sardinia, which were formerly 
mistaken for leucite-basalts, have been shown by H. S. 
Washington (5) to have the following composition (mean of 
three modes):— 

analcime . 8 olivine . 6 

biotite . 1-5 magnetite . 15‘5 

augite . 22*5 apatite . 2 

glass . 42 


The glass in these rocks has the composition of a mixture of 
orthoclase, labradorite and analcime. The colour index is 
therefore 46. 
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The teschenites are a group of analcime-diabases which are 
sometimes fairly coarse-grained but more frequently microcrys¬ 
talline. According to G. W. Tyrrell (3) teschenite is distin¬ 
guished from crinanite by containing more analcime and less 
olivine. Soda-orthoclase is often present in crinanite, but 
never in teschenite. F. Walker (1) gives the following defini¬ 
tion of teschenite:—^Teschenites are dyke-rocks consisting 
essentially of plagioclase feldspar (which is partly or wholly 
analcitized), titanaugite, and analcime. Barkevikite is often 
present, and olivine is a frequent constituent. Walker refers 
especially to the “patchy replacement by plagioclase** by 
analcime, and considers this characteristic of teschenite. 

Some teschenite is leucocratic; according to Walker (2) 
the teschenite of Charlestown, Fifeshire, contains plagioclase 
70, analcime 10, augite 15, olivine 5; colour index 20. Most 
examples are mesotype, with a colour index not far from 50, 
and many of the teschenites of Scotland, as well as those of the 
type region in Moravia, are metaluminous. Both types have 
been recorded by A. Knopf in the Spanish Peaks region, 
Colorado. 

The following modes of Scottish teschenites are by G. W. 
Tyrrell (3). 


orthoclase . 

.... 10*2 

— 

— 

labradorite . 

.... 23-2 

28*9 

66 

analcime . 

.... 161 

13-8 

12*2 

biotite . 

.... 3-4 

2-9 

37 

hornblende . 

— 

— 

181 

augite . 

... 281 

399 

240 

olivine . 

.... 10-6 

4-6 

32-5 

ore, apatite . 

Colour index _ 

.... 8-4 

9-9 

2-9 

.... (50) 

(57) 

(81) 
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Aarvoldaas, Norway, 46 
Aberdeen, Scotland, 76, 86 
Abyssinia, 43S 
Abyssal theory (ores), 204 
Acmite, 18, 20 
Adamello, 382 

Adirondack Mts., 67, 70, 142, 271, 
283, 406 

Adrar meteorite, 363 
Adularia, 16 
^girine, 18, 58 
i^girine-augite, 20 
^nigmatite, 21, 29 
Aerolite, 347 

Ahvenvaara, Finland, 403 

Akgrite, 391, 394 

Akermanite, 24 

Alban Hills, Rome, 453, 455 

Alberta, Canada, 332, 429 

Albite, 15 

Albitization, 170 

Allanite, 23 

Allivalite, 296, 436 

Almandine, 23 

Almunge, Sweden, 395 

Alno, Sweden, 85, 124, 304, 324, 443 

Alndite, 443 

Amana meteorite, 362 

Ambon, East Indies, 279 

Amherst County, Virginia, 406 

Amphibole family, 20 

Amphoteric oxides, 195 

Analcime, 26, 125, 174, 331, 333, 464 

Analcime rocks, 464, 469, 474-477 

Anatexis, 254 

Andesite, 278, 406 

Andradite, 23, 126, 305 

Angermanland, Sweden, 67 

Anorthitf, 16 

Anorthoclase, 16 

Anorthosite, 279, 282, 403 

Anthophyllite, 20 

Antiperthite, 16 

Antrim, Ireland, 304, 438 

Apatite, 29, 42, 109 

Aplite, characters of, 184 

Arendal, Norway, 178 

Arfvedsonite, 21 

Argyll, Scotland, 475 

Arkansas, 440 

Arran, Scotland. 60, 64, 275 
Arsenopyrite, 29 


Ascension Island, 381, 400 
Assimilation, 69 

Assynt, Scotland, 126, 427, 443, 460 
Astrophyllitg, 29, 109 
Atlantite, 476 

Atomic substitution, 14, 15 
Augite, 19 
Augitite, 439 
Austral Islands, 475 
Australite, 349 
Autolysis, 171 

Auvergne, France, 274, 427 
Avon, Missouri, 304 
Ayr, Scotland, 440 

Bad Bertrich, Germany, 122 
Bahia, Brazil, 439, 440 
Baroti meteorite, 352 
Basalt, 284, 300, 414 
Basaltic-hornblende, 21 
Batholith, definition of, 247, 252 
Batholiths, area of, 247 
Batholiths, margin of, 248 
Bay of Islands, Newfoundland, 289, 
293 

Bay View, Maryland, 378 
Bearpaw Mts., Montana, 471 
Bedford, New York, 186 
Beemerville, New Jersey, 109 
Bckinkinite, 475 

Belknap Mt., New Hampshire, 394, 
402, 411, 415 

Ben Sullen, N.S. Wales, 339 
Berondrite, 475 
Beverley, Mass., 396 
Bill Williams Mt., Arizona, 414 
Bingham, Utah, 43 
Biotite, 21, 59 
Bishopville meteorite, 347 
Bismuth, oxides, 195 
Black Hills, South Dakota, 7, 180, 
366 

Blagden’s law, 48 
Blairmorite, 113, 332 
Blind River, Lake Huron, 46 
Blue Ridge, Virginia, 374 
Bohemia, 472 
Bolivar, Venezuela, 364 
Bolsena, Italy, 397 
Bordferes, France, 80, 86 
Borax, 41 
Boric acid, 41 
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Bornite, 29 
Borolanite, 460 
Borshov range, 186 
Boulder, Montana, 3, 243 
Bowen-Andersen effect, 120 
Braefoot, Scotland, 150 
Branchville, Connecticut, 187 
Brandbukampen, Norway, 410 
Breven, Sweden, 251 
Bridgland, Ontario, 173 
British Columbia, 384 
Brome Mt., Quebec, 393, 431 
Bronzitite, 287-8 
Briinn, Austria, 382-3, 410 
Bulawayo, Rhodesia, 272 
Burwash Lake, 72 
Bushema, Belgian Congo, 1(>2 
Bushveld complex, 4(i, 201, 251, 281, 
287, 314, 373, 400, 412, 410, 442 
Butte, Montana, 211 
Bygdo, Sweden, 409 


Cabo Frio, Brazil, 307 

Caithness, Scotland, 440 

Camp Harding, New Mexico, 179 

Campton, New Hampshire, 437 

Camptonite, 414-5, 437 

Canadite, 457 

Cancrinite, 25, 125 

Canobolas Mts., 399 

Cape York meteorite, 343 

Carbonatite, 304, 324 

Caribou, Colorado, 169 

Carlingford, Ireland, 75 

(?arnegieite, 17, 25, 58 

Carpathians, 382-3 

Carrock Fell, 74, 243, 375 

Cassiterite, 161 

Catapleiite, 29 

Caucasus, 112 

Cecilite, 455 

Celebes, 336, 401 

Celsian, 15 

Cevadaes, Portugal, 307 
Chalcopyrite, 29 
Chalk Mt., Colorado, 378 
Charlestown, 477 
Charnockite, 367, 374 
Chasslgny meteorite, 347, 351 
Chibina, Kota, 312 
Chllwa, Uganda, 325 
Chondrules, 348 

Christiania, Norway, 179, 314, 376 
Christina Lake, 428, 429 
Chromium, oxides, 196 
Classification, principles of, 205 
Clifton, Arizona, 43 
Clino-enstatite, 20 
Clino-hypersthene, 90 


Clino-pyroxenite, 286 
Coahuila meteorite, 354 
Coal, enclosures of, 57 
Coast Range, B.C., 247, 384 
Coburn Mt., Maine, 378 
Cohenite, 346 

Coimbatore, Madras, 309, 426 
Colonsay, 45 

Colorado pegmatites, 179 
Colour index, 233 
Colour ratio, 233 
Columbia River basalts, 284 
Comendite, 381 
Contact minerals, 42 
Contaminated norite, 76, 282, 412 
Continuous reaction series, lio 
Convection, 143 
Cordierite-norite, 282 
Cornwall, 5 

Cortlandt complex, 167, 1G8, 277 
Corundum, 28, 126 
Corundum rocks, 307, 423, 425 
Cotectic line, 96 
Cotectic surface, 97, 98 
Craigmontite, 393, 458, 473 
Crawfordjohn, Scotland, 475 
Crazy Mts., Montana, 404, 411, 465, 
473 

Creecle, Colorado, 378 
Crinanite, 475 
Cristobalite, 26, 27 
Cromaltite, 439, 443 
Cross-assimilation, 69 
Cross Lake, Manitoba, 255 
Cryolite, 30 

Crystallization, order of, 105 
Crystal settling, 141-150, 210 
Crystals, liquids enclosed in, 6, 10, 
40, 43, 105, 106, 1!>6 
Cuba, 299 
Cumberlandite, 437 
Cumbraite, 386 
Cuttingsville, Vermont, 395 

Dacite, 385 

Dalbeattie, Scotland, 276 
Daly-batholith, 249 
Daly’s hypothesis, 315, 327 
Daniel’s Kuil meteorite, 352 
Dartmoor, 45, 72, 163, 371 
Daubr4elite, 346 
Deccan, India, 144, 284, 415 
Depth of consolidation, 53 
Deuteric stage, 159, 160, 169 
Diabase, 280, 414 
Diopside, 18, 20 
Diorite, 276, 403 
Dioroid, 452 

Discontinuous reaction series, 66 
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Disko island, 346 
Dissolution, ^ 

Ditrd, Rumania, 314, 459, 474 
Dolerite, 280, 414 
Dorback, Scotland, 276 
Dorgali, Sardinia, 61 
Drammen, Norway, 63 
Duluth, Minnesota, 45, 132, 145, 151, 
283, 292, 432, 435 
Dumfries, Scotland, 77 
Dun Mt», New Zealand, 299, 300, 441, 
442 

Dunedin, New Zealand, 400 
Dungannonite, 431, 473 
Duppau, Bohemia, 473 
Dunite, 439, 441 
Durbach, Saxony, 392 
Dyscrystalline rocks, 217, 226 

East Sooks, Vancouver, 170 

Easter Island, 266 

Eclogite, 289, 419 

Eibenstock, Saxony, 165 

Eifel, Germany, 457 

Ekerite, 376 

Ekersund, Norway, 289 

Elba, pegmatites, 181 

Electric Peak, 407 

Elements, relative abundance, 31 

Ely, Nevada, 378 

Emanation, magmatic, 254, 256, 260, 
264, 338 

Emulsion stage, 165 
Enclosures in crystals, 6, 10, 40, 43, 
105, 106 

Enderby Land, 385 
Engels mine, California, 198 
Enstatite, 18 
Enstatite-augite, 19 
Enstatite, dissociation, 99 
Epidote family, 23 
Epi-leucite, 26 
Epimagmatic stage, 159 
Eruptive rocks, definition, 2 
Erzgebirge, Saxony, 165 
Essex County, Mass., 251, 327 
Essexite, 431, 434, 472, 474, 475 
Etna, 151, 433 
Eucolite, 29 
Eucrite, 436 

Eucrystalline rocks, 217, 225 
Eudialyte, 29, 109 
Eureka, Nevada, 119 
Eutectic mixture, 90 
Exsolution, 201, 203 

Fayalite, 22, 121 
Feldspar family, 15 
Feldspar, zonal structure, 112 
Feldspnthization, 45, 78 


Feldspathoidal rocks, 315, 447 
Fen district, 323, 466, 471 
Fergusite, 454 
Ferrogabbro, 121, 437 
Ferrosilite, 18 
Fife, Scotland, 219 
Finmarken, Norway, 53 
Flotation of crystals, 141 
Fluidity, proof of, 3 
Fluorides, 30, 162 
Fluorite, 30, 42 
Fluosilicates, 30 
Forsterite, 22 
Fort Hall, Idaho, 467 
Fourche Mt., Arkansas, 314, 462 
Foyaite, 457 

Fractional crystallization, 140-5 
Frankenstein, Germany, 410 
Franklin, B.C., 403 
Franspoort, Transvaal, 333 
Freezing interval, 89 
Freezing of mixtures, 89 
Freezing of pure substances, 88 
Freezing point, depression of, 48 
French River, Ontario, 367 
Fugitive constituents, 34, 148, 150 
Fumaroles, 39, 192 
Furstenfcld, Austria, 60 

Gabbro, 279, 409 
Gabbroid, 452 

Galapagos Islands, 144, 145 
Garabal Hill, Scotland, 170, 277. 418 
Garnet, 23, 58 
Garnet, birefringence, 58 
Garnet family,. 23 
Gas-flotation, 103, 143 
Gas-streaming, 143, 262 
Gehlenite, 24, 126 
General Vilkitzky Island, 469 
Geological thermometer, 64 
Geological thermometer (table), 62 
Giants Range, Minnesota, 410 
Giessen, Germany, 110 
Glamorgan, Ontario, 81, 411, 419 
Glass House Mts., 385, 399 
Glassy rocks, composition of, 218 
Glen Dubh, Scotland, 64 
Globe, Arizona, 383 
Gneiss, 248 

Goalpara meteorite, 361 
Goose Creek, Virginia, 173 
Gough Island, 400 
Gowganda, Ontario, 127 
Gran, Norway, 286, 418 
Granite, freezing temperature, 9 
Granitic texture, 366 
Granitization, 254, 256, 264 
Granodiorite, 374 
Granophyre, 262 
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Grass Valley, California, 248 
Great Dyke, Rhodesia, 289, 295-6, 
419, 442 

Great Rift Valley, 152, 273, 289, 295 
Great Serpentine Belt, 298, 442 
Greenland, 121, 437, 464 
Griquaite, 289 

Griqualand, South Africa, 53, 202, 
280, 293 
Grorudith, 876 
Grossularite, 23 

Haddington, Scotland, 470 
Hainholtz meteorite, 353 
Hakone volcano, Japan, 380 
H^iburton-Bancroft area, 43, 44, 80, 
316 

HgUefors, Sweden, 76 
Harrisite, 436 
Harz Mts., 272 
Harzburgite, 442 
Haiiyne, 25, 125 

Hawaii, 144, 145, 152, 400, 428, 433, 
437, 438, 476 
Haystack, Montana, 383 
Hedenbergite, 18 
Hedrum, Norway, 462, 471 
Hedrumite, 462 
Hematite, 28, 40 
Hendersonville meteorite, 351 
Henry Mts., Utah, 398 
Highwood Mts., Montana, 113, 331, 
336, 394, 401, 403, 428, 448, 449, 
453, 454 

Hitterd, Norway, 178 
Hoba meteorite, 343 
Homestead meteorite, 352 
Hornblende, 20, 59 
Hornblendite, 287 
Horns Nek, Transvaal, 124 
Huerfano Butte, Colorado, 434 
Hungary, rhyolites of, 377, 379 
Huntly, Scotland, 412 
Hybrid rocks, 68, 137-8 
Hydatogenetic minerals, 49 
Hydrothermal reactions, 157 
Hydrothermal stage, 157, 158, 159 
Hyperfusible components, 34 
Hypermelanlc, 286 
Hypersthene, 19 

Ice River, B.C., 320, 419, 443 

Iceland, 879 

Ichor, 264 

Idaho batholith, 247 

Idaho, 182, 429 

livaara, Finland, 86, 124, 306 

Ijolite, 307, 457, 465 

lie Cadieux, Quebec, 444 

IHmausak, Greenland, 314, 463 


Ilmen Mts., 425, 484 
llmenite, 2 

Immiscible liquids, 130, 131 
Incongruent melting, 99 
Incorporation, 67 
Injection gneiss, 248 
Insets, 217 

Insizwa, South Africa, 413, 436 

Inyo Range, California, 255 

Ionic substitution, 14, 15 

Iron Hill, Colorado, 304, 441, 467 

Iron Springs, Utah, 53 

Ischia, 470 

Ishim River, 449 

Italite, 145, 453 

Jacupirangite, 458, 466 
Jadeite, 18 

Jalguba, Karelia, 131 
Java, 336, 337 
Jersey, Channel Is., 275 
Johannsen classification, 243 
Jonzac meteorite, 347 
Juan Fernandez, 438 
Judith Mrs., Montana, 471 
Julianehaab, Greenland, 77 
Juvinas meteorite, 347, 350 
Juvite, 464 

Kaindy R., Turkestan, 327, .336 

Kaiserstuhl, Baden, 122, 323 

Kaiwekite, 428 

Kaliophilite, 24 

Kamacite, 345 

Kassel, Germany, 468 

Katmai, Alaska, 192 

Katungite, 455 

Kavirondo, Kenya, 325 

Kentallenite, 430 

Kenya, 121, 143, 273, 400, 439 

Kersantite, 404 

Khairpur meteorite. 351 

Kijabe, Kenya, 143, 144, 433 

Kiilarney, Ontario, 266-258 

Kilauea, Hawaii, 34, 35, 48, 60, 68 

Kilsyth, Scotland. 119 

Kimberlite, 299, 300, 444 

Kiruna, Norway,. 175 

Kodarma, India, 180 

Kola Peninsula, 312, 466 

Konnerudkollen, Norway, 248 

Korok, Greenland, 85 

Korretzberg. Germany, 121 

Knox County. Maine 442 

Kruger Mt., B.C., 461. 466 

Kuolajarvi, Finland,. 230, 464 

Kuusamo. Finland, 465 

Kylite, 475 

Kyschtymite, 308. 434 
Kyushu, Japan, 139 
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Lagorio's rule, 113, 218 

Lake district, England, 53 

Lake George, Uganda, 338 

Lake Kivu, Africa, 335, 337-8, 448 

Lake Magadi, Africa, 41 

Lake Naivasha, Africa, 41 

Lake Natron, Africa, 41 

Lake Wakatipu, New Zealand, 435 

Lamprophyllite, 109 

T^and’s End, Cornwall, 371 

Laramie Mts., Wyoming, 279, 283 

Lardalite, 462 

Lassen Peak, California, 59, 407 
Launton meteorite, 352 
Lausitz, Saxony, 437 
Lava, temperature of, 10, 48 
Lawrenceite, 346 

Leeuwfontein, Transvaal, 271, 397-8 
Leeuwkraal, Transvaal, 468 
Le Pallet, France, 281 
Lepidolite, 21 
T.epidomelane, 21 
Lestiwarite, 395 
Leucite, 26, 58, 121, 142 
T^eucite-granite-porphyry, 122 
Leucite, inversion, 58,* 122 
Leucite Hills, Wvoming, 112, 336, 
448, 455 

T-,eucite-phonolite, 454 

Leucite rocks, 335, 336, 447 , 452, 453 

Leucite-syenite, 453 

Leucite-theralite, 471 

Leucocratic, 235 

Lherz, Pyrenees, 418 

Lherzolite, 442 

Libby, Montana, 417 

Linosa, 17 

Lipari Islands, 380 

Litchfield, Maine, 458 

Lithia pegmatites, 182 

Lithophile elements, 193 

Little Belt Mts., Montana, 404 

Loch Ailsh, Scotland, 417 

Loch Borolan. Scotland, 318, 319, 330 

Los Angeles Countv. California, 283 

Los Islands. 41, 307 

Lovosero, Kola, 312 

Lugar, Scotland. 134, 150, 474 

Lugarite, 474 

Luiaurite, 463 

Lujaur-Urt, Kola, 312, 463, 467 
Macedonite, 428 

Madagascar, 182, 396, 474, 475 
Madras, India, 418 
Madupite. 455 
Magma, 4 

Magmatic differentiation, 129. 160 
Magnet Cove, Arkansas, 322, 453, 
464, 466 


Magnetite, 28, 40 
Maine, pegmatites, 182 
Malaya, 247 
Malignite, 430, 467, 465 
Manganese, oxides, 195 
Mariupol, Russia, 85 
Mariupolite, 464 
Markle, 'Scotland, 433 
Marquesas Islands, 378, 399 
Mart meteorite, 354 
Maryland, pegmatites, 178 
Marysville, Montana, 3, 53, 383 
Maskelynite, 346 
Mauritius, 143, 400 
Marloesite, 428, 434 
Mechanical incorporation, 67 
Meissen, Saxony, 392 
Melane, 235 
Melanie, 235 
Melanite, 23, 10^, 126 
Melanite, localities, 306 
Melanite rocks, 305, 426-7 
Melanocratic, 235 
Melilite, 24, 125 

Melilite rocks, 303, 423, 441, 443 

Melteig, Norway, 403 

Melteigite, 109, 466 

Merrillite, 346 

Mesotype, 235 

Metaluminous type, 229 

Metamorphic granite, 250, 265 

Meteorites, 342 

Miask, Ural Mts., .300, 459 

Mica family, 21 

Microcline, 16 

Microperthite, 15 

Migmatite, 248 

Mineralizing agents, 163 

Minerals, relative abundance, 30 

Minette, 428 

Missourite, 336, 453 

Moissanite, 346 

Monazite, 29 

Monchiquite, 468 

Monfina, Italy, .398 

Monmouthite, 393, 458, 4.50, 460 

Mont Dore, Auvergne, 427 

Mont Pelde, 37 

Monte Arci, Sardinia, 266, 399, 416 
Monte Amiata, 380 
Monte Cimino, Italy, 427 
Monte Ferru, Sardinia, 120, 416 
Monte Gibele, 397 

Monte Somma, Italv, 42, 161. 416, 
426, 471 ' 

Monte Vulture, Italy, 419 
Monteregian Hills, Quebec, 271, 394, 

Monticellite, 22 
Monzoni, Tyrol, 276, 418 
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Monzonite, 276, 391, 401, 402 
Moravia, 477 
Morin, Quebec, 279 
Mt. Ascutney, Vermont, 277 
Mt. Bischoff, Tasmania, 166 
Mt. Dromedary, Australia, 430 
Mt. Flinders, Australia, 399 
Mt. Girnar, India, 148 
Mt. Hood, Oregon, 407 
Mt. Prospect, Connecticut, 199 
Mt. Rainier, Washington, 407 
Mt. Shasta, California, 385-6, 407 
Mount Vernon meteorite, 353 
Mt. Vesuvius, Italy, 10, 113, 145, 151, 
334, 337, 467 

Mt. Yamaska, Quebec, 394, 412, 418 
Mozambique, 470 
Mugearite, ^3 

Mull, Scotland, 61, 262, 307, 433, 436 
Muscovite, 21 
Mysore, India, 327 

Namaqualand, South Africa, 183, 305, 
423 

Names and symbols, 243 
Nandewar Mts., Australia, 399 
Nelson, New Zealand, 289 
Nepheline, 24, 123, 124 
Nepheline rocks, 315, 447, 457, 476 
New England, granites, 372-3 
New Hampshire, 178 
New Mexico, 120 

Newberry volcano, Oregon, 151, 266 
Newry, Ireland, 139, 276, 402, 411, 
416 

Niggli classihcation, 213, 242 
Nigeria, Africa, 376 
Nipissing. Ontario, 172 
Nordingra, Sweden, 85, 119 
Nordmarkite, 393 
Norite, 279, 281, 412, 413 
Norm classihcation, 212 
North Carolina. 179, 436 
Nosean, 25, 126 
Novarupta volcano, Alaska, 69 
Nyamlagira Volcano, Africa, 471 
Nyassaland, 476 
Nygard, Sweden, 283, 412 

Oahu, Hawaii, 144, 305 
Oakwood, Maryland, 419 
Oherkirchen, Germany, 387 
Obsidian, 41 

Oceanic islands, 263, 274 
Oceanite, 439 
Odegardite, 175 

Oka Hills, Quebec, 304, 423, 461 
Okaite, 423, 461 
Oldhamite, 846 
Oldolnyo N’Gal, Africa. 41 


Olivine, 22, 119 

Olivine rocks, 292, 427-430, 432-442 

Onaping, Canada, 70-72 

Order of crystallization, 105, 217 

Ore-magma, 203 

Oregon, 146, 161 

Ornans meteorite, 351 

Ornoite, 406 

Orotvite, 476 

Ortho-amphibole, 20 

Orthoclase, 16, 68 

Orthoclase, dissociation, 122 

Ortho-pyroxene, 19, Mi4 

Ortho-pyroxenite, 287 

Oslo, Norway, 179, 314 

Osmotic reciprocal reaction, 64 

Oversaturated rocks, 226, 245, 368 

Owens Valley, California, 61, 68 

Oxidic ores, 193 

Paisanite, 376 
Pacificite, 439 
Pala, California, 179, 182 
Palabora, Transvaal, 81, 82, 83, 339, 
396, 403, 418 
Palingenesis, 253 

Palisades of the Hudson, 48, 59, 120, 
147, 435 
Pallasite, 347 
Pantelleria, 121, 380, 397 
Pantellerite, 380 
Paragonite, 21 
Parallel texture, 366 
Parana, Brazil, 284 
Paricutin, Mexico, 260 
Pasto volcano, Colombia, 408 
Patin Mt., Siberia, 327 
Pecos, New Mexico, 76 
Pectolite, 41, 109 
Pegmatite, 9, 178 
Pegmatite elements, 196 
Pend Oreille, Idaho, 173 
Pentlandite, 20 
Peralkaline type, 229 
Peraluminous type, 228 
Peridotite, 439 
Peridotite, temperature, 57 
Perknite, 286, 417 
Perovskite, 29, 42, 126 
Perth ite, 15 
Perthosite, 395 
Petersburg meteorite, 351 
Phase boundary, 223 
Phlogopite, 21 
Phonolite, 462, 467 
Phosphates, 29 
Picrite, 301, 436 
Fierite-basalt, 301 

Pigeon Point, Minnesota, 145, 209, 
283, 435 
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Pilansberg, Transvaal, 109, 813, 468 

Pioche, Nevada, 178, 378 

Pitchstone, 87, 60 

Plagioclase, 16 

Plateau basalt, 386 

Plauen, Germany, 348, 371, 898 

Plessite, 846 

Plumas County, California, 481, 440 
Plumasite, 481, 

Pneumatolytic, definition, 169 
Pneumatolytic reactions, 189, 163 
Poikilitic texture, 168, 168, 169 
Polzen, Bohemia, 304 
Poobah Lake, Ontario, 480, 466 
Porphyritic texture, 317, 866 
Post-magmatic reactions, 164 
Pressure, change of, 104 
Pressure in magma reservoir, 63 
Prospect Mtn., New York, 70 
Pseudo-leucite, 36, 830, 881, 448, 449, 
460 

Pseudotachvlyte, 848 
Pseudo-wolfastonite, 68 
Puglianite, 471 
Pulaskite, 4^3 
Purcell Mts., 884 
Pyrenees, 66, 78 
Pyrlte, 39 

Pyrogenetic minerals, 49 
Pyrope, 38, 136 
Pyroxene family, 18, 88 
Pyroxene-amphibole transformation, 
167 

Pyroxenite, 386 
Pyrrhotite, 39, 43 


Quartz, 36, 64-66 

Quartz, enclosures In, 6, 10, 40, 43 
Quartz-fayalite-diabase, 131 
Quartz-basalt, 130 
Quartz-trachytb, 131, 378 
Quartz veins, 7, 8' 

Qu4rigut, France, 78, 79 
Quincy, Mass., 876 


Rackberget, Sweden, 419 
Raglanlte, 478 
Ragunda, Sweden, 76 
Raoult-Blagden law, 48 
Raoult*s law, 48 
Rapakiwi granite, 113, 330 
Reaction-type, 339 

Reactive solution and precipitation, 
66 


Reciprocal reaction, 64 
Red Hill, New Hampshire, 469 
Replacement in pegmatites, 183 
Rest-magma, 360 
Rdunion, 489 


Rheomorphism, 369 

Rhode Island, 487 

Rhodesia, 76, 836 

Rhyolite, 366, 877 

Riebeckite, 31 

Rien, Norway^ 86 

Riverside, California, 180 

Rieserferner, 883 

Robertson, South Africa, 319 

Rockallite, 348, 876 

Rodingite, 389 

Rdddn, Sweden, 183 

Roman region, 885, 464-466, 469 

Rongstock, Bohemia, 473 

Rose quartz, 66 

Rosenbusch rule, 106 

Rosita Hills, Colorado, 396 

Rothau, Bohemia, 123 

Rougemont, Quebec, 441 

Rudeville, New Jersey, 176 

Rum, Scotland, 111, 295, 422, 43C 

Rundemyr, Norway, 178 

Rutile, 28 

Rutschurp, Belgian Congo, 838 

Saganaga, Minnesota, 63, 365, 401, 
418 

Saguenay, Quebec, 379 
Sagvandite, 84 
St. Agnes, Cornwall, 163 
St. Austell, Cornwall, 164, 243, 871 
St. Helena, 148, 384 
St. Hilaire Mt.'. Quebec, 426, 464 
St. Sauveur meteorite, %2 
St. Thomas Mt., Madras, 410 
St. Urbain, Quebec, 283, 406 
Saldanha Bay, S. Africa, 219 
Salem, Mass., 458, 472 
Salesl, Bohemia, 134 
Samoa, 146, 486 
San Carlos, California, 406 
San Carlos Mts., Mexico, 404, 416, 
464, 468 

San Diego, California, *68 

San Francisco Mt., Arizona, 120, 236, 

878, 408 

San Juan, Colorado, 189 

San Luis Obispo, California, 175 

San Mateo Mt., New Mexico, 286 

Sandfell, Iceland, 37 

Sanidine, 16 

Santorin, 68 

Sardinia, 61, 120, 381, 899, 469, 476 
Sark, Channel Islands, 410 
Saturated minerals, 118 
Saturated rocks, 336, 368, 889 
SaussuriBzation, 172 
Saxonv, pegmatites, 180 
Scapofite, In 

Scawt HHI, Ireland, 337, 885 
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Schreibersite, 946 
Scyelite, 440 

Seiland, Norway, 124, 179, 436, 442 
Sekukuniland, South Africa, 320-2, 
463, 466 

Sepulchre Mt., 407 
Serpentine, intrusive, 302 
Serra de Caldas, Brazil, 122, 449 
Serra de Monchique, Portugal, 314, 
471 

Serra de Tingua, Brazil, 470 

Shackanite, 469 

Shalka meteorite, 361 

Shap Fell, England, 366, 372 

Sheflford Mt., Quebec, 393 

Sherghotty met^rite, 361 

Shevaroy Hills, 386 

Shiant Isles, Scotland, 145, 436 

Shonkin Sag, Montana, 149, 272, 401 

Shonkinite, 272, 401 

Siderites, 346 

Siebengebirge, Germany, 151, 397 
Sierra I^eone, 293, 432 
Silica group, 5, 26 
Silicates, structure of, 13 
Simondium meteorite, 347 
Skaergaard, Greenland, 143, 437 
Skeleton crystals, 107, 108 
Skye, Scotland, 432, 441 
Slesse Mr., B.C., 411 
Smalingen, Sweden, 430 
Snake River, Oregon, 416 
Snoqualmic, Washington, 187 
Snowbank Lake, Minnesota, 282 
Society Islands, 468 
Soda-amphiboles, 21 
Soda-anorthite, 16 
Soda-diopside, 20 
Soda-ortfioclase, 16, 16 
Sodalite, 25, 42, 126 
Sodalite group, 26 
Sodium carbonate, 41 
Sodium metasilicate, 103 
Solid solution, 13 
Sdlvsbergite, 395, 462 
Soret effect, 163 
Souffrifcre, St. Vincent, 386 
South Park, Colorado, 462 
Spanish Peaks, Colorado, 429, 468, 
477 

Specific names, 244 
Spessartite, 23 

Sphene. 29, 42, 107, 109, 126 
Spinel, 28, 127 
Spitzbergen, 61, 437 
Spodumene, 18 
Square Butte, 401 
Stannern meteorite, 847 
Steens Mt., Oregon, 266 
Stilbite in lava, 8 


Stillwater Complex, Montana, 289, 
293, 419 

Stockholm, Sweden, 406 
Stbffel, Germany, 476 
Stone Mt., Georgia, 38, 100 
Stormberg, Africa, 284 
Subaluminous type, 229 
Sub-andesite, 432 
Sub-anoithosite, 431 
Sub-basalt, 437 
Sub-diorite, 431 
Sublimates, 39 
Sub-monzonite, 429 
Sub-gabbro, 434 
Sub-shonkinite, 429 
Sub-syenite, 425 
Sub-trachyte, 427 

Sudbury^ Ontario, 46, 47, 77, 134- 
136, 198, 201, 251, 406, 412, 432 
Suess-batholith, 249 
Sulphidic ores, 193, 198 
Sumatra, 60 
Superheat, 4, 64 
Supercritical state, 156, 169 
Susimgki, Finland, 297, 442 
Sutherland, Scotland, 138 
Sutherland, South Africa, 305 
Sviatoy Noss, 320, 426 
Sydney, Australia, 436 
Syenite, 269 
Syenoid, 462 
Symbols, table of, 244-5 
Symbols, use of, 243 
Syssiderites, 347 
System albite-anorthite, 93-4 
System albite-water, 60, 100 
System anorthite-diopside, 89, 90, 91 
System anorthite-leucite-silica, 122 
System anorthite-wollastonite-silica, 

91 

System calcite-silica, 67 
System diopside-albite-anorthite, 96 
System diopside-leucite-silica, 122 
System lime-alumina-silica, 126 
System lime-maghesia-slHca, 125 
System magnesia-silica, 2^, 356 
System magnesia-FeO-silica, 121 
System nephellne-albite-silica, 124 
System nef>he1ine-olivine-silica, 124 
System nepheline-kaliophilite-silica, 
122, 128 

System olivine-leucite-silica, 124 
System orthoclase-water, 60 
System plagioclase-pyroxene, 96-7 
System water-KjSiOs-sillca, 99 

Tabankula, S. Africa, 294 
Taenite, 846 

Tamaulipas, Mexico, 48, 460 
Tanganyika, 418, 440 
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Tektite. 349 

Telemark, Norway, 259 
Temperature of magma, 9 
Teneriffe, 144 
Teplitz, Bohemia, 124 
Terlingua, Texas, 174 
Teschenite, 477 

Texture, use in classification, 215 

Theralite, 465, 472 

Thetford, Quebec, 297 

Thiophile elements, 193 

Tholeiite, 261, 415 

Thread-lace scoria, 36 

Tin deposits, 161 

Tinguaite, 470 

Titanates, 29 

Titanosilicates, 29 

Tok4ite, 438 

Tonalite, 362 

Topaz, 30, 42, 161, 166 

Topsham, Maine, 187 

Tory Hill, Ontario, 317 

Toscanite, 380 

Tourmaline, 22, 42, 161, 165 
Tournialinfzation, 161, 163, 166 
Trachyandesite, 397 
Trachyte, 273 

Tr4gastel, Brittany, 73, 74, 275 
Tremolite, 20 
Tridymite, 26, 56, 61 
Tripyramid Mt., New Hampshire, 
394, 411 

Tucson meteorite, 353 
Tulameen, B.C,, 298 
Tunguska R., Siberia, 368 
Turjaite, 304, 461 
Turkestan, 4M 
Two-phase convection, 142 
Tynemouth, England, 415 

Uganda, 47, 472 

Ugandite, 472 

Ultrametamorphism, 253 

Umptek, Kola, 812 

Umptekite, 396 

Uncompahgrite, 439, 44 

Undersaturated rocks, 226, 292, 422 

Unsaturated minerals, 118 

Ural Mts., 295-7, 303, 308, 442 

Urtite, 457, 467 

Urundi, Belgian Congo, 388 

Vaca Muerta meteorite, 368 
Valley of Ten Thousand Smokes, 39 
Vanadium, oxides, 196 


Variable pressure, effect of, 102 
Variable temperature, effect of, 102 
Vermilion, Minnesota, 184, 247, 249, 
250, 270, 372, 401 
Vetralla, Italy, 397 
Victoria, Australia, 386 
Villiauniite, 41 
Viscosity of lava, 103 
Volcanic gases, 34, 35, 50 
Volcanic sublimates, 39 
Vosges Mts., 124, 373 
Vulcano, Italy, 151 
Vulsinite, 467 

Wallowa, Oregon, 258 
Warrumbungle Mts., 399 
Watchung basalt, 37 
Water in crystals, 5, 6, 40, 156 
Water, solubility in basalt, 39 
Water, solubility in granite, 8, 38, 
155 

Wausau, Wisconsin, 373 
Websterite, 418 
Weiselbergite, 387 
West Kimberley, 336, 448 
Westmorland, 113 
Whin Sill, England, 413 
Wiborg, Finland, 65, 76, 247 
Wichita meteorite, 363 
Wicklow Mts., Ireland. 365 
Wind River, Wyoming, 179 
Winnett, Montana. 304. 468 
Wollastonite, 18, 56, 57 
Wyomingite, 122 

Xenotime, 29 

Yakobi island. Alaska. 202 
Vamaskite, 441 

Yellowstone Park, 68, 145, 174, 380 
Yinge-me,n, Manchuria, 469 
Yogo Gulch, Montana, 307 
Yogo Peak, Montana, 394, 402, 428 
York River, Ontario, 317, 450 
Yucatan, 381 

Zacatecas meteorite, 353 
Zeolites, 8 

Zinc-blende, transformation, 61 

Zircon, 29, 108 

Zirconosilicates, 29 

ZirkePs rule, 86 

Zoi^ite, 23 

Zoned feldspar, 112 

Zoned olivine, 422 




